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ABSTRACT 


The action of the narcotic analgesic meperidine on the frog 
sciatic nerve-sartorius muscle preparation was investigated to test the 
hypothesis that narcotics depress neuromuscular transmission by inhibi- 
ting action potential production in the fine, unmyelinated nerve end- 
ings and/or by depressing a phase of the transmitter release mechanism. 

Meperidine depressed the amplitude of muscle twitch responses to 
supramaximal, sciatic nerve stimulation, but potentiated responses to 
direct muscle stimulation. 

Action potential firing (spontaneous firing or after-discharge 
following a nerve stimulus) was induced in the nerve terminals by TEA 
and recorded from the ventral root innervating the muscle. Meperidine 
(ions apy ees Tom M) blocked both types of TEA-induced activity, an 
action which was prevented by naloxone in 50% of experiments. These 
results indicated that meperidine can affect action potential produc- 
tion in the nerve endings. However, this mechanism did not account for 
the reduction in twitch amplitude since neither the amplitude or 
duration of the extracellularly recorded nerve terminal action poten- 
tial to sciatic nerve stimulation was affected by concentrations of 


3 toe. orx ‘Ons M) which reduced the amplitude of 


meperidine (8 X 10. 
the simultaneously recorded EPP. This meperidine-induced depression 
of EPP amplitude (recorded intracellularly or extracellularly in the 
presence of curare) was partially antagonized by a low concentration 
of naloxone (3 X ene M) which itself had no effect on neuromuscular 


transmission. 


Meperidine depressed mepp amplitude (recorded intracellularly), but 
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did not significantly alter mepp frequéncy.- The depression of mepp 
amplitude was not antagonized by naloxone, indicating that this effect 
was not mediated by opiate receptors. 


Meperidine depressed the amplitude of the EPP_ evoked by ionto- 


I 
phoresis of acetylcholine directly onto the endplate region. This 


action of meperidine on EPP, was not antagonized by naloxone. There- 


I 


fore, the depression of mepp and EPP_ amplitudes and part of the 


x 
depression of EPP amplitude by meperidine was due to a non-opiate 
effect of the narcotic on the endplate. These results suggested that 
the naloxone-sensitive depression of EPP amplitude was due to a 
presynaptic effect of meperidine. However, meperidine did not alter 
Y . Giata 
the quantal content of the EPP measured in the presence of high [Mg ] 
nor did naloxone antagonize meperidine-induced depression of EPP ampli- 
: STA te ; 
tude in the presence of Mg . In addition, the percentage depression of 
: -4 see Nhe, 
EPP amplitude by 4.2 X 10 M meperidine was significantly greater 
when curare instead of MgCl. was used to block neuromuscular transmis-— 
4 : cas : 
sion. It is suggested that Mg , as well as naloxone, may antagonize 
the opiate receptor-mediated effects of meperidine. 

The anticholinesterase action of meperidine did not influence the 
effect of this narcotic on the EPP amplitude since meperidine was 
equally active in the presence and absence of physostigmine. 

I is concluded that there are three mechanisms of action of meperi- 
dine operant in the frog sciatic nerve-sartorius muscle preparation; 
one is probably on the transmitter release mechanism under conditions 
of nerve stimulation which is partly, if not completely, opiate recep- 


tor mediated; a second, non-opiate receptor mediated, anaesthetic- 


like action on the post-synaptic membrane; and a third effect on action 
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potential conduction in the nerve fibers which may be partly opiate 
receptor mediated, but is not responsible for inhibition of neuro- 
muscular transmission under conditions of supramaximal nerve 
stimulation. 

The major effect of meperidine in this preparation is a non- 
opiate action at the endplate similar to that of local and general 


anaesthetics. 
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CHAPTER I. INTRODUCTION 


1. The Physiology of Neuromuscular Transmission 


To determine how drugs such as narcotics inhibit neuromuscular 
transmission, it is necessary to understand the physiological 
mechanisms by which acetylcholine is released and how it activates 
the muscle fibers to contract. 

Nerve fibers form-special connections or synapses with the 
muscle fibers which they innervate. Each neuromuscular junction 
consists of a presynaptic motor nerve terminal and a muscular part, 
which is a specialized part of the muscle fiber and is referred to 
as the subsynaptic area or endplate region. At the skeletal neuro- 
muscular junction, the endplate area is characterized by numerous 
folds of the membrane resulting in secondary clefts. These clefts 
are invaded by the terminal branches of the presynaptic nerve fibers 
(Couteaux, 1963). The presynaptic and postsynaptic elements are 
separated by a space of 200 to 250 re It is generally thought 
that each frog skeletal muscle synapse is innervated by only one 
axon. However, Vyskocil and Magazanik (1977) believe that at least 
30% of fibers are innervated by two or more axons at a single 
endplate. 

The nerve terminal contains a high density of mitochondria and 
numerous synaptic vesicles which contain the neurotransmitter, acetyl- 
choline. Acetylcholine is synthesized in the cytoplasm by acetylation 
of choline by choline acetyltransferase (Nachmansohn and Muschado, 


1943), and is then transferred to and stored in vesicles in uniform 
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amounts called quanta (Del Castillo and Katz, 1954a; Fatt and Katz, 
1952). The contents of the vesicles can be released into the 
subsynaptic cleft either spontaneously or in response to nerve 
impulses (Fatt and Katz, 1951, 1952; Del Castillo and Katz, 1954). 

The acetylcholine in the synaptic cleft is deactivated by 
hydrolysis to choline and acetic acid by acetylcholinesterases. The 
choline is returned to the nerve terminal for resynthesis into 
acetylcholine (Hubbard, 1973). 

Not all of the acetylcholine stored in the nerve terminals 
is equally available for release. There is evidence for three 
different pools of acetylcholine; a readily releasable store 
enclosed in vesicles near the presynaptic membrane, a secondary 
releasable store, and a third nonreleasable pool of transmitter 
that can be converted into releasable quanta (Elmquist and Quastel, 
1965)" 

Some synaptic vesicles appear to collect around specific foci 
in the presynaptic membrane in conjunction with their release sites, 
and in electron micrographs, they appear to be anchored to a dense 
material. In the frog neuromuscular junction, the dense material 
forms a series of transverse bands located in the terminal directly 
above the postsynaptic folds of the endplate (Couteaux and Pecot- 
Dechavassine, 1974). These filaments may represent microtubules. 
Thus vesicles may move by two mechanisms; "random or Brownian" 
motion and unidirectional displacement perhaps by electrostatic 
forces (Llinas and Heuser, 1977a). 


The acetylcholine released spontaneously combines with specific 
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receptors on the endplate membrane and causes a brief depolarization 
of 0.5 to 1.5 mV; the miniature endplate potential (mepp). The 
mepp amplitude is proportional to the number of acetylcholine 
molecules in each packet released which is termed the "quantal 

size" (Fatt and Katz, 1952; Del Castillo and Katz, 1955). A nerve 
impulse delivered to the nerve terminal accelerates the release of 
quanta of acetylcholine which produces a larger depolarization of 
the subsynaptic membrane termed the endplate potential or EPP 

(Del Castillo and Katz, 1954b, Liley, 1956; Takeuchi and Takeuchi, 
1959). When the amount of depolarization caused by molecules of 
acetylcholine reaches a certain threshold level, an action potential 
is initiated in the muscle fiber which, in turn, sets off the chain 
of events involved in muscle contraction (Bianchi, 1968). 

The amplitude of the EPP is a multiple of the mepp amplitude, 
and the number of quanta of acetylcholine determining the EPP 
(quantal content) can be estimated by the ratio: EPP amplitude/ 
mepp amplitude (Del Castillo and Katz, 1954a). The summation of 
mepps is linear for small EPPs, but for large EPPs a correction for 
nonlinear summation was introduced by Martin (1966). However, it has 
been recently suggested that Martin's correction factor may over- 
correct by up to 50% (Bennett, Floreu, Pettigrew, 1976) and the 
magnitude of the correction needed for the neuromuscular junction 
is still uncertain (Martin, 1976; Stevens, 1976). 

The effect of transmitter on the endplate can also be produced 
by applying acetylcholine directly to the endplate by iontophoresis 


(Nastuk, 1953). With this technique, application of a voltage 
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potential to glass microelectrodes filled with the desired 
electolyte causes migration of ions out the tip of the pipette 
(Globus, 1973). This method allows specific examination of the 
post-synaptic action of drugs with:minimal influence by presynaptic 
actions. 

At the skeletal neuromuscular junction, the reaction of acetyl- 
choline with the receptors causes an increase in permeability to 
both sodium and potassium ions. It was originally thought that 
these ions moved through separate channels independently of one 
another in generating the endplate current (epc), but this inter- 
pretation is now considered invalid. The current theory is that 
combination of acetylcholine with a receptor induces a conformational 
change in a gating macromolecule wich opens an endplate channel to 
permit transmembrane fluxes of Non and rae This synaptic channel 
has only two conductance states, open and closed, and transition 
between these two conductance states is governed by the rate constant 
for closing open channels and the rate constant for channel opening 
(Katz and Miledi, 1972; Magleby and Stevens, 1972ab; Neher and 
Sakmann, 1976; Dionne and Ruff, 1977; Lewis, 1979). The factor 
limiting the rate at which the current decays under normal conditions 
is a voltage-dependent conformational change in the membrane which 
determines the lifespan of an open channel. Increasing the extra- 
cellular calcium or magnesium concentration at the frog neuromuscular 
junction decreases the decay of the endplate current (Cohen and Van 
der Kloot, 1978) and single synaptic channel conductance (Dionne and 


Ruff, 1977). This action may be due to neutralization of the 
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negative surface charge on the membrane and thus increasing the 
voltage gradient within the membrane (Cohen and Van der Kloot, 1978). 

Neuromuscular blocking drugs such as curare compete with 
acetylcholine for the receptors and thus reduce the number of acetyl- 
choline-receptor interactions and decrease the EPP amplitude without 
altering the latency or time-course of the EPP. Anticholinesterase 
inhibitors such as physostigmine allow more acetylcholine-receptor 
interactions and increase the amplitude and duration of the EPP 
(Davson, 1970). 

How does a nerve impulse accelerate the release of acetylcholine? 
An action potential is conducted along the myelinated nerve axons. 
This transient decrease in potential is mediated by an influx of 
sodium ions and a subsequent efflux of potassium ions along their 
electrochemical gradient. These ions pass through the membrane 
via channels or pores which are relatively specific for either Na’ 
(early channels) or Ke (late channels), but certain other univalent 
ions such as Lat are known to substitute for Na’. Hille has 
described these channels as 'filters' which allow ions to pass 
according to their hydrated size and to their ability to form 
hydrogen bonds (Davson, 1970; Luttgau, 1977). From analysis of 
the small ‘gating currents' associated with movement of these ions 
(Hille, 1975; Armstrong, 1975; Ulbricht, 1974), it has been 
proposed that these channels are in either an open or closed state. 
The influx of Naw during the action potential is dependent on the 
resting membrane potential. 


Calcium also affects nerve membrane excitability. Decreasing 
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the external calcium concentration causes an increase in both nerve 
and muscle fiber membrane excitability which results in a state of 
repetitive activity (Davson, 1970). Tetraethylammonium (TEA) 
causes facilitation of neuromuscular transmission and spontaneous 
twitching in skeletal muscle by inhibiting potassium conductance 
(Hille, 1967): and by its ability to release calcium from binding 
sites in nerve and muscle membranes (Beaulieu and Frank, 1967ab; 
Beaulieu, Frank and Inoue, 1967). TEA, applied to the frog neuro- 
muscular junction, causes repetitive firing in the motor nerve 
terminals following a single nerve stimulus (Koketsu, 1958; 
Beaulieu et al., 1976) and spontaneously, in the absence of nerve 
impulses (Beaulieu et al., 1967). Both types of activity can be 
recorded antidromically from the ventral root innervating the frog 
sartorius muscle using extracellular electrodes (Beaulieu et al., 
1967). Repetitive activity in nerves is thought to originate at 
the junction of the myelinated axon and the unmyelinated, smaller 
diameter fibers in the nerve terminal (Beaulieu et al., 1967; 
Standaert, 1964). The action potential in the nonmyelinated 
nerve terminals can be measured using extracellular microelectrodes 
(Katz and Miledi, 1965a). 

Invasion of the action potential into the nerve terminal 
is associated with a brief influx of calcium. The amount of calcium 
crossing the presynaptic nerve terminal membrane is proportional to 
the amplitude and duration of the depolarization (Cooke and Quastel, 
1973a). This calcium triggers the release of transmitter (Katz and 


Miledi, 1967, 1970) and is thought to be the coupling mechanism 
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between depolarization and transmitter release. At rest, the 
intracellular calcium concentration is maintained at low levels 
compared to that in the extracellular space. Thus, the influx of 
calcium in response to a nerve action potential is down a steep 
electrochemical gradient. In the absence of extracellular calciun, 
the action potential invades the nerve terminal, but fails to cause 
transmitter release (Katz and Miledi, 1967). These investigators 
concluded that utilization of external calcium is restricted to a 
brief period which barely outlasts the depolarization of the nerve 
ending and which precedes transmitter release. 

It has been suggested that the effect of calcium may be due to 
its reaction with a receptor compound X on the presynaptic terminal 
leading to a CaX complex formation (Del Castillo and Katz, 1954a; 
Gage and Quastel, 1966; Dodge and Rahamimoff, 1967; Hubbard, Jones 
and Landau, 1968ab). However, the identity of X and the exact 
mechanism of how calcium causes transmitter release remains obscure. 
lear aceivated ATPase in the membrane has been postulated to play 
a physiological role in transmitter release (Paton, Vizi and Zar, 
1971; Vizi, 1972). According to this theory, calcium fluxes are 
governed by the concentration of sodium, and the subsequent inhibition 
of Nome sctiuated ATPase by Oda is involved in transmitter release. 
Stimulation of the membrane ATPase by termination of Caleeiniibatton 
either by accumulation of Na’ or Moke makes the membrane again 
impermeable to the transmitter (Vizi, 1978). 

Standaert, Dretchen, Skirboll and Morgenroth (1967a,b) have 
proposed that cyclic adenosine 3',5'-monophosphate (cAMP) is involved 


in the excitation-secretion sequence. According to their model an 
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action potential activates adenyl cyclase in the nerve membrane 
which converts ATP to cAMP. cAMP acts via protein kinase to 
phosphorylate substrates that cause ion channels to open and permit 
Na and/or eebuh to pass through the membrane. The flux of ions depot- 
arizes the nerve membrane and causes vesicles to fuse to the membrane 
and release transmitter. In contrast, Quastel and Hackett (1971) 
concluded that the cAMP concentration would have to be linearly 
related to the frequency of release of quanta of acetylcholine. The 
increase in concentration of cAMP required to fulfill this relation- 
ship after a presynaptic depolarization seemed to them to be too 

high to accomodate the cAMP hypothesis of transmitter 

release. Others have concluded that the increase in mepp frequency 
in the presence of phosphodiesterase inhibitors such as theophylline, 
an effect crucial to the cAMP hypothesis, is due to release of 

bound caicium from intracellular stores, and not to an effect on 

cAMP levels (Duncan and Statham, 1977). 

The mechanism by which synaptic vesicles fuse with the pre- 
Synaptic membrane and empty their contents into the synaptic cleft 
remains unclear. Any divalent cation, including ees and onan can 
promote vesicle-plasma membrane contact, but only cm triggers 
exocytosis (Llinas and Heuser, 1977b). Therefore, calcium must do 
something more than allow contact by neutralizing negative surface 
charges. It has been suggested that exocytosis is a result of 
membrane phase changes induced by calcium, but this does not explain 
rélease from only specific sites on the membrane (Llinas and Heuser, 
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By whatever mechanism calcium influx during depolarization of 
the nerve terminals is involved in release of transmitter, it must 
be rapidly removed from its site of action for the transmitter release 
to return to resting levels. Many subcellular elements bind calcium 
reversibly including the nerve membrane and synaptic vesicles 
(Rahamimoff, 1977), but the most important sequesterers in nerve 
endings are mitochondria (Alnaes and Rahamimoff, 1975; Rahamimoff, 
Erulkar, Alnaes, Rotshenker and Rahamimoff, 1975; Blaustein, Ratzlaff 
and Kendrick, 1978) and some other, as yet unidentified, ATP-dependent 
calcium storage system (Kendrick, Blaustein, Fried and Ratzlaff, 1977). 
Calcium must then be extruded from the nerve terminal to restore the 
resting calcium concentration. There is evidence that cae is 
extruded from the intracellular space in exchange for Na’ (Blaustein 
ietrval..01978).. 

Spontaneous release of acetylcholine is much less sensitive to 
the calcium concentration than is evoked release (Boyd and Martin, 
1956; Hubbard, 1961; Birks, Burnstyn and Firth, 1968). Whereas 
release after a nerve impulse is dependent on the extracellular 
calcium , mepp frequency is dependent upon the intracellular calcium 
concentration (Alnaes and Rahamimoff, 1975; Duncan and Statham, 1977). 
Duncan and Statham concluded that under normal circumstances, the 
presynaptic terminals are able to maintain intracellular calcium 
concentration almost constant despite changes in calcium fluxes due to 
drug treatment or alteration in the extracellular calcium concentration. 

Release of acetylcholine can be altered by other ions besides 


calcium. Increasing the magnesium concentration of the Ringer's 
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decreases the amount of acetylcholine released after depolarization 
of the nerve terminal, but has little effect on spontaneous release, 
i.e. mepp frequency (Del Castillo and Engback, 1954). In contrast to 
their similar effects on excitability of nerve and muscle membranes, 
the effects of calcium and magnesium on transmitter release are 
antagonistic (Del Castillo and Katz, 1954c; Del Castillo and Engback, 
1954). It is thought that these ions compete for the same binding 
sites on the presynaptic membrane (Del Castillo and Katz, 1954c; 
Jenkinson, 1957; Hubbard, Jones and Landau, 1968). Decreasing the 
amount of acetylcholine released by each nerve action potential by 
decreasing the concentration of extracellular calcium and/or increas 
ing the extracellular magnesium concentration has been used extensively 
in experiments measuring quantal content. This is done to allow the 
recording of both subthreshold EPPs and mepps. 

Reducing the extracellular sodium concentration produces a small 
increase in the spontaneous transmitter release. During release 
induced by nerve terminal depolarization, this facilitation in the 
presence of normal calcium is balanced by reduction of the presynaptic 
action potential amplitude (Gage and Quastel, 1966). Transmitter 
release is facilitated when the external potassium concentration is 
raised (Cooke and Quastel, 1973b;, Takeuchi and Takeuchi, 1961). 

In addition to the action of Kr in depolarizing the nerve terminal 
membrane, Cooke and Quastel suggested that KT facilitates the 
increase in permeability of the membrane to calcium during depolari- 


zation. 
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In conclusion, a drug which inhibits neuromuscular transmission 
could act by depressing: conduction of the action potential along 
the myelinated axon; action potential production in the fine, 
unmyelinated nerve terminal fibers; synthesis of the transmitter; 
stimulus-secretion coupling or mobilization of transmitter; the 
reactivity of the endplate region to the transmitter substance; or 


by facilitating deactivation of the transmitter in the synaptic cleft. 


2. The Pharmacology of Narcotic Drugs 


The study of analgesia, tolerance and dependence produced by 
narcotics is one of the oldest areas of pharmacological research. 
However, many of the cellular mechanisms underlying the action of 
this class-of drugs still remain obscure. The recent discovery 
of endogenous opioid peptides (Hughes, 1975; Terenius and Wahlstron, 
1975) and the implications as to their physiological role have re- 
inforced the importance of this research. 

The major site of action of narcotic analgesics in the relief 
of pain is accepted generally as being in the central nervous system. 
A multitude of studies have been carried out to determine the effects 
of opiates on central nervous system electrical activity and neuro- 
transmitters such as acetylcholine, noradrenaline, dopamine, 5-hydroxy- 
tryptamine, glycine, and y-aminobutyric acid. These investigators 
have examined the effect of opiates on steady state levels, turnover 
and release of neurotransmitters, the effects of systemic administra- 
tion and local tnjection of opiates upon identified neurones in the 


brain and spinal cord, and the effects of various pharmacological 
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and surgical manipulations on the mechanism by which opiates alter 
the above effects and the pain threshold. The results of these 
studies are often contradictory and vary with the species of 
laboratory animal and with the techniques employed. This area has 
been extensively reviewed by Clouet (1971), Domino, Vasko and Wilson 
(1976), Eidelberg (1976), Ford and Clouet (1975), Harris (1970), 
Kosterlitz, Collier and Villarreal (1973), Mayer and Price (1976), 
Mehta (1975), Messing and Lytle (1977), Way (1972) and Yaksh and Rudy 
(1978). 

Although the importance of these studies should not be under- 
emphasized, major problems remain unresolved because it is difficult 
to interpret pharmacological findings when the complex physiology of 
the central nervous system is not well understood. Morphine affects 
Many neurotransmitters and biochemical pathways many of which may 
be involved in producing the physiological response being measured. 
It may be a critical balance between brain substances which is 
important (Way, 1972) and a tYeatment affecting one compound may have 
considerable effects on the actions of others. This means it is 
difficult to determine whether an effect of a narcotic on one 
transmitter is directly caused by the treatment or is a consequence 
of other pharmacological responses to the drug. In addition, the 
action of a pharmacological agent used to block or enhance the 
effects of a particular transmitter is not necessarily specific in 
its overall effect. 

These problems have led to the use of peripheral tissues as a 
major tool in narcotic research to elucidate the findings from the 


central nervous system studies. The next section of this introduc- 
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tion will focus on the findings of investigators who have employed 
these peripheral nerve-muscle preparations with less complex 
physiology compared to the central nervous system. 

Two general observations will become apparent. First, morphine- 
like drugs alter the release of a neurotransmitter without regard 
to the identity of the transmitter substance. Secondly, synapses 
in different organ systems and species of animals have different 


6 M) 


sensitivities to narcotic agonists. Morphine Gare tou Oe 
depresses neuromuscular transmission very effectively in the Auerbach's 
plexus-guinea pig ileum and the rat or rabbit vagus nerve-SA node 

of the heart where acetylcholine is the transmitter, and in the cat 
postganglionic nerve of the superior cervical ganglion-nictitating 
membrane and in the mouse vas deferens where the transmitter is 
noradrenaline. Relaxation of the guinea pig jejunum in response to 
mesenteric, adrenergic nerve stimulation is also quite sensitive to 
morphine-blockade. A less sensitive group of preparations requires 

a Gee M to Tee M concentration of a narcotic to block neurotrans-— 
mission. These include the rat small intestine, the cat vagus nerve- 
SA node of the heart, ganglionic transmission in the cat or rat 


superior cervical ganglion, and actien potential conduction in squid 


or sciatic nerve axons and skeletal muscle preparations. 


2.1 Preparations Sensitive to the Inhibitory Actions of Narcotics. 
2.1.1 Intestinal preparations. As long ago as 1917, 

Trendelenberg reported that morphine inhibited the peristaltic 

reflex elicited by distension of isolated guinea pig ileum. However, 


it was not until the mid-fifties that progress was made in determining 
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the mechanism of this inhibition. 

Schaumann (1955) investigated the action of morphine on the 
peristaltic reflex in guinea pig and rabbit jejunum. Although he 
found morphine to be ineffective in rabbit preparations, this 
narcotic abolished both the emptying and the preparatory phase of the 
reflex in guinea pig intestine. That both phases of the reflex are 
inhibited by morphine was reaffirmed by Kosterlitz and Robinson (1957) 
and Gyang, Kosterlitz and Lees (1964) using guinea pig ileum. 

Since responses to nicotine, but not acetylcholine, were 
blocked by morphine, Schaumann suggested that morphine acts by 
interrupting the pathway between ganglion cells and the muscle, i.e. 
by preventing acetylcholine release. He tested his hypothesis by 
measuring acetylcholine release in the presence of morphine by the 
bioassay method (Schaumann, 1956, 1957). Morphine blocked acetyl- 
choline release in the distended::strips and partially inhibited 
release in undistended strips. In ground up tissue, morphine 
enhanced rather than reduced transmitter release and had no effect 
on the acetycholine content of the tissue, indicating that intact 
cells were required for the inhibitory action of morphine, and that 
this narcotic did not act by blocking acetylcholine synthesis. 

At the same time Paton was experimenting with the transmurally 
stimulated guinea-pig ileum. In 1957 he concluded that the elect- 
rically induced contractions of the ileal muscle was due to excitation 
of postganglionic nervous structures since the contractions were 
blocked by atropine but not by hexamethonium and were potentiated by 


anticholinesterases. Morphine reduced the amplitude of both twitch 
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and tetanic responses, but was more effective at low rates of 
stimulation. The depression of contraction amplitude correlates 
well with the reduction in acetylcholine output per stimulus volley. 
Paton found the normal output of acetylcholine per pulse in the 
absence of drug decreased as the stimulus frequency was increased. 
These observations were confirmed using this preparation by Cox 

and Weinstock (1966) and by Cowie, Kosterlitz and Watt (1968), Paton 
and Zar (1968) and Greenberg, Kosterlitz and Waterfield (1970) using 
the transmurally stimulated Auerbach's plexus-longitudinal muscle 
preparation of guinea pig ileum. Greenberg et al. also found that 
hexamethonium did not alter the effect of morphine. 

The effect of narcotics on the response of intestinal prepara- 
tions to various pharmacological agents has contributed to the 
conclusion that the main action of opiate agonists is to decrease 
release of acetylcholine to nerve stimulation. Most investigators 
found that morphine did not block contractions of whole. guinea pig 
ileum to exogenous acetylcholine (Schaumann, 1955; Paton, 1957; 
Kosterlitz and Robinson, 1957, 1958; Gyang et al., 1964) or of 
the longitudinal muscle of the ileum (Cowie et al., 1968). Nor 
did morphine affect responses to histamine in the study by Kosterlitz 
and Robinson (1958). Responses to ganglion stimulant drugs such as 
nicotine are blocked by morphine (Schaumann, 1955; Kosterlitz and 
Robinson, 1958). Responses to drugs which stimulate both neural and 
muscle elements (5-HT and barium) are partially inhibited by 
narcotics (Kosterlitz and Robinson, 1958; Gaddum and Picarelli, 
1957). 


Although most investigators have found that narcotics do not 
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affect the smooth muscle responses to exogenous acetylcholine, Lewis 
(1960) found evidence for a postsynaptic effect of morphine. He 
observed that morphine, in concentrations which inhibited acetyl- 
choline release, depressed responses of the guinea pig ileum to a 
variety of smooth muscle stimulants such as acetylcholine, carbachol, 
substance P, 5-HT, barium, potassium and histamine. Waterfield and 
Kosterlitz (1973) found that only higher concentrations of morphine 
produced a nonspecific effect. Lewis concluded that morphine has a 
twofold depressant action on substances such as 5-HT and barium 
which act both directly on the muscle cells and indirectly on 
nervous structures, i.e. the tbarcotic blocks their effects on the 
muscle postsynaptically and prevents the increase in acetylcholine 
release by their indirect action. He suggested that the underlying 
common mechanism might be inhibition of a metabolic process common 
to both neuronal and muscular structures. 

Meperidine also inhibits the response of ileum to exogenous 
acetylcholine (Paton, 1957; Gyang et al., 1964). This is not 
surprising in light of the local anaesthetic action of this narcotic 
(Gruber, Hart, Ross and Gruber, 1941; Goodman and Gilman, 1975). 

From the evidence presented thus far it can be concluded that 
morphine prevents acetylcholine release to nerve stimulation by an 
action on postganglionic nervous structures. The action of narcotics 
on these neurones has been studied also by electrophysiological 
methods. Using extracellular, suction electrodes, two types of 
spontaneous activity have been recorded from neurones of Auerbach's 
plexus (Wood, 1970, 1973, 1975): a burst unit which is blocked by 


++ 
tetrodotoxin, but not affected by Mn or by’ drugs which alter 
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Synaptic transmission including morphine (Sato, Takayanagi and 

Takagi, 1973; Dingledine, Goldstein and Kendig, 1974); anda 

single spike unit which is blocked by tetrodotoxin but not by vera 

or hexamethonium. The frequency of single spike units is increased 
by nicotine and acetylcholine and decreased by a-adrenergic stimulants. 
Increase in frequency by cholinergic agents is blocked by hexameth- 
onium and decreases in frequency by d-adrenergic stimulants are 
blocked by a-adrenergic blocking drugs (Sato et al., 1973). The 
single spike electrical activity is thought to be recorded from 
parasympathetic, postganglionic neurones (Wood, 1975). Spontaneous 
single spike activity and the increase in frequency caused by 
nicotinic agents are blocked by morphine and normorphine (Sato et al., 
1973; Ehrenpreis, Sato, Takayanagi, Comaty and Takagi, 1976; 
Dingledine et al., 1974; Dingledine and Goldstein, 1975, 1976; 

North and Williams, 1976, 1977) and by methionine- and leucine- 
enkephalin (North and Williams, 1976). 

Single électrical pulses applied by point stimulation near the 
recording electrode by a second suction electrode result in a 
compound or antidromic spike which is due to direct stimulation of the 
units under study, and a unitary spike which is synaptically driven 
(Dingledine and Goldstein, 1976; North and Williams, 1976). 

According to North and Williams (1976) normorphine has no effect 

on the synaptically driven spike, but hexamethonium blocks it. 
Dingledine and Goldstein (1976) found that morphine was virtually as 
effective in inhibiting spontaneous electrical activity of myenteric 
neurones in calcium-free Ringer's as in normal Ringer's. The 


synaptically driven spike was completely abolished in calcium-free 
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Ringer's indicating the absence of synaptic input. 

These findings led both groups of investigators to conclude 
that it is unlikely that morphine acts by stimulating the release 
of an inhibitory transmitter, by blocking release of an excitatory 
transmitter or by blocking the postsynaptic response to released 
transmitter. Dingledine and Goldstein proposed that narcotics may 
increase the membrane threshold for electrical activity in the 
cholinergic motor neuron perhaps by an action at or near its terminal 
varicosities. North and Williams suggested that the mechanism of 
morphine's action was hyperpolarization or membrane stabilization of 
a proportion of the myenteric neurones. This theory was supported by 
their finding that the effects of morphine can be mtmicked by passing 
anodal current or overcome by passing cathodal current through a 
stimulating electrode very close to the recording electrode. 
Similarly, when twitches are recorded from transmurally stimulated 
ileum, morphine is more effective during submaximal stimulation 
(Cox and Weinstock, 1966) and its effects can be antagonized by 
increasing the stimulus strength (Ehrenpreis, Light and Schonbuch, 
1972). Also, narcotics can inhibit the increase in firing rate of 
extracellularly recorded spontaneous potentials due to a variety of 
depolarizing agents (e.g. 5-HT, nicotine, caerulein, sodium picrate 
or acetylcholine (Takayanagi, Sato, Takagi, 1974; North and Williams. 
TODD) z 

In the study by North and Williams (1977), the action of morphine 
was not affected by altering the potassium concentration in the 


Ringer's or by ouabain, indicating that the mechanism of action is 
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not likely an increase in potassium conductance or stimulation of 
an electrogenic Na-K" exchange. 

In addition to the above findings, Ehrenpreis, et al. (1976) 
found that the increase in firing rate of spontaneous single spike 
units induced by acetylcholine was little affected by morphine. 

Their results suggested that acetylcholine had two actions. The 
primary effect was independent of the action of morphine, whereas 
with high acetylcholine/morphine concentration ratios, direct 
antagonism between the two drugs might occur in ganglia of Auerbach's 
plexus. On the basis of this finding these investigators postulated 

a secondary receptor for morphine on the preganglionic nerve terminals 
in addition to a postganglionic receptor site. 

In contrast to findings using extracellular recording techniques, 
cells recorded intracellularly are not spontaneously active (North 
and Henderson, 1975; North and Tonini, 1976). North and Williams 
(1977) showed that the activity recorded extracellularly was due’ to 
mechanical deformation caused by application of suction to the 
electrode and not a result of synaptic input. In their studies 
using intracellular electrodes, North and Tonini (1976) occasionally 
obtained spontaneous injury potentials. These were blocked by nor- 
morphine. North and Henderson (1975) and North and Tonini (1977) 
found that morphine and normorphine had no effect on the amplitude or 
time course of the evoked epsp in Type I cells (cells which receive 
synaptic input) or on the action potential in Type II cells (these 
cells cannot be activated synaptically and may be afferent). However, 


in their later studies, investigators from the same laboratory 
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found that normorphine, added to the bath or to the neurones by 
iontophoresis, caused an immediate hyperpolarization of up to 20 mV 
in about fifty percent of Type I cells and in about ten percent 

of Type II cells (North, 1976; North and Tonini, 1976, 1977). 

This hyperpolarization was accompanied by a variable decrease in 
membrane resistance, was dose related, and was prevented by naloxone. 
The hyperpolarization often declined progressively despite the 
continued presence of the drug and sometimes the cells would not 
respond to a second dose of narcotic; this finding is reminiscent 

of "acute tolerance" observed in twitch experiments (Paton, 1957; 
Waterfield and Kosterlitz, 1973). Also, when the neurones were 
excited by passing brief depolarizing pulses across the soma membrane, 
the hyperpolarization caused by normorphine was sufficient to prevent 
the cell from reaching threshold for action potential firing unless 
the stimulus strength was increased (North and Tonini, 1976). When 
cell processes were stimulated, normorphine prevented conduction of 
the 'antidromic' action patential into the cell soma (North and 
Tonini, 19/77). 

The results of these intracellular studies provided these 
investigators with direct experimental evidence to support their 
theory (North and Williams, 1976) that narcotic drugs act in ganglion 
cells by hyperpolarizing the membrane. Small doses of 
opiates would prevent excitation of a small population of neurones. 
Larger concentrations would cause depression of a proportionately 
larger number of cells. This theory is attractive since it explains 


the inhibition by morphine of spontaneous activity recorded extra- 
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cellularly and reconciles many of the different findings obtained 
using intracellular and extracellular recording techniques. 

According to North and Tonini (1977) their theory also explains 
the observation that morphine inhibits the resting release of acetyl- 
choline in guinea pig ileum by twenty to fifty percent (Schaumann, 
EUS 7smeuaton, 1957 5) sPatoneandsZar,e1968: 5 de -la:Landevand Porter; 
1967). De la Lande and Porter observed that the inhibition by mor- - 
phine of the resting acetylcholine release was reduced or abolished 
by treatments which block electrical activity in nervous structures 
such as subdivision of the intestine into rings, cooling, anoxia, 
procaine, changes in electrolyte balance and glucose deprivation. 
They concluded that there are two mechanisms of spontaneous release 
in this preparation: 1) spontaneous release at nerve endings and 
2) augmentation of this release by conducted impulses in nerve axons. 


Only the latter mechanism is inhibited by narcotics. 


The role of 5-HT in the acute and chronic effects of morphine 
has received much attention. Gaddum and Picarelli (1957) proposed 
there are two kinds of tryptamine receptors in guinea pig ileum: the 
D receptors which are blocked by dibenzyline, LSD, etc. and mediate 
the smooth muscle actions of 5-HT, and the M receptors which are 


blocked by morphine and are located in the nerve plexus. Uptake and 


release of 5-HT are not affected by narcotics (Schulz and Cartwright, 


1974). 
Schulz and Goldstein (1973) proposed that there are excitatory, 
serotoninergic fibers and inhibitory adrenergic fibers impinging 


on and modulating the activity in cholinergic neurones innervating 
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the ileal longitudinal muscle. According to their model, the acute 
effect of morphine could be to inhibit the serotoninergic synapse 
postsynaptically. Tolerance would result from an increase in the 
number of 5-HT sensitive receptors thus restoring the excitatory 
pathway. This theory was based on their finding that sensitivity to 
exogenous 5-HT was increased in muscles from tolerant and dependent 
guinea pigs and this supersensitivity parallelled the degree of 
tolerance to morphine. 

Ginzler and Mussachio (1974) found evidence for an interaction 
between morphine and 5-HT in transmurally stimulated, nontolerant 
ileal strips. 5-HT added to the bath produced an increase in basal 
tone, and a decrease in the height of electrically.induced twitches 
followed by a recovery from this inhibition. When morphine was then 
added in the continued presence of 5-HT, the inhibitory effect of 
the narcotic on twitch amplitude was considerably potentiated. 

This potentiation was narcotic receptor mediated since all of the 
effects attributed to morphine were blocked by naloxone. They 

argued that this effect of 5-HT was specific since 5-HT had no effect 
on inhibition of twitches induced by noradrenaline, and LSD reduced 

the inhibitory effect of 5-HT on twitch, but not the excitatory 

effect in resting gut. They concluded that excitatory and inhibitory 
effects of 5-HT are mediated by different receptors (but this does not 
fully explain the unusual effect of LSD), and that morphine may act 

on the gut and in the CNS by increasing the availability of 5-HT and 
potentiating its inhibitory effect. Arguing against this theory 


were their observations that ilea which were insensitive to 5-HT 
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displayed the usual sensitivity to morphine and during tachy- 
phylaxis to 5-HT the gut still showed an augmented response to 
morphine in its presence. 

That morphine blocks neural effects of 5-HT has been shown also 
by electrophysiological studies. The frequency of single unit spikes 
recorded extracellularly from neurones in Auerbach's plexus is 
increased by 5-HT. Morphine prevents this elevation in firing rate 
(Dingledine et al., 1974; Dingledine and Goldstein, 1975; North and 
Williams, 1977). In contrast, North and Henderson (1975), recording 
intracellularly from plexus neurones, found that 5-HT depressed the 
evoked epsp in most cells, had no effect on membrane potential or 
resistance or on the iontophoretic acetylcholine potential, and 
the depression of epsp amplitude was blocked by methysergide and 
LSD but not by morphine. 

In order to reconcile the difference in the effects of 5-HT 
and morphine using the two techniques, North and Henderson (1975) 
suggested that the excitatory effects of 5-HT and inhibition by mor- 
phine occurred only at the varicose cell processes from which acetyl- 
choline is released toward the muscle. This activity would not be 
measured by intracellular techniques. This hypothesis was also pro- 
posed by Dingledine and Goldstein (1976). However, North and Williams 
(1977) failed to record activity from the cell processes using 
smaller extracellular electrodes and, as discussed above, the spontan- 
eous activity recorded is due to suction applied by the electrode. 

In none of these studies was it shown that the effect of narc- 
otics on 5-HT responses was due to an interaction of morphine with 


5-HT receptors. Dingledine and Goldstein (1976) concluded that 
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functional 5-HT or acetylcholine receptors at nicotinic sites were 
not necessary for the acute, inhibitory effect of morphine in trans- 
murally stimulated muscle preparations since the effect of the nar- 
cotic was not impaired during desensitization to 5-HT. 

In ilea from guinea pigs which have been made tolerant and 
dependent to morphine, the spasmogenic response to exogenous 5-HT 
(Schulz and Goldstein, 1973; Ward and Takemori, 1976a) and the 
increase in spontaneous firing rate recorded extracellularly from 
plexus neurones (Takayanagi et al., 1974) are potentiated during the 
withdrawal syndrome to morphine, whereas responses to cholinergic 
agents are not. During tolerance, PA, values are increased in the 
central nervous system but decreased in ileum, indicating a difference 
in binding of the antagonist to the opiate receptor at the two sites. 
Thus the guinea pig ileum may not be a good model for narcotic 
dependence. 

On the other hand, the guinea pig ileum preparation does fulfill 
the criteria for a good model for studying the acute effects of 
narcotics. These are: 

1) The potency order for the various narcotics in inhibiting 
ekectrically induced twitches and for receptor binding corresponds 
well to their analgesic potency (Paton, 1957; Gyang et al., 1964; 
Kosterlitz and Watt, 1968; Creese and Snyder, 1975). 

2) The inhibition of twitch amplitude is stereospecific, the 
levo isomers (e.g. levorphanol) being more effective than dextro 
isomers (e.g. dextrorphan) (Gyang et al., 1964; Cox and Weinstock, 
1966; Dingledine et al., 1974; Waterfield and Kosterlitz, 1975; 


Ehrenpreis et al., 1976; Dingledine and Goldstein, 1976). 
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3) The effects of the levo isomers of narcotics are prevented 
or reversed by narcotic ene avortetabaich as nalorphine and naloxone 
(Kosterlitz and Robinson, 1958; Cox and Weinstock, 1966; Cowie et 
al., 1968; Kosterlitz and Watt, 1968; Dingledine et al., 1974; 
Ehrenpreis et al., 1976; North and williams, 1977). 

4) Specific opiate receptor binding sites have been demonstrated 
by biochemical techniques (Pert and Snyder, 1973; Creese and Snyder, 
E975 hs 

5) The presence of a naturally occurring, endogenous ligand 
for these receptors has been demonstrated. Puig, Gascon, Craviso and 
Musacchio (1977) and Puig, Gascon and Musacchio (1978) reported evidence 
for release of endorphins from the guinea pig ileum during transmural 
stimulation. They stimulated Auerbach's plexus-longitudinal muscle 
strips for five minutes at 10 to 25 Hz. When the stimulus frequency 
was then reduced to 0.1 Hz, they observed an inhibition of the twitch 
amplitude. This inhibition was proportional to the tetanic frequency 
employed and, within limits, to the duration of the stimulatory 
period. The inhibition of twitches was potentiated by low concentra- 
tions of morphine but not by dextrorphan, and 55% to 70% of the 
inhibition was reversed by naloxone. However, release of endorphins 
has not been measured biochemically (Ehrenpreis, personal communication). 

If endorphins are involved in normal neuromuscular transmission, 
naloxone should have an effect on intestinal responses in the absence 
of any narcotic agonist. Waterfield and Kosterlitz (1975) found that 
naloxone increased evoked acetylcholine output at low frequencies of 
stimulation, but this increase did not result in augmentation of twitch 
height to either submaximal or supramaximal stimulation. However, 


Van Neuten and Lal (1974) found with just threshold stimulation, 


; : ; a — 
Pood do! = Lmao . ie eas =p ; ‘ at vee ’ ; .- 


> a) ie a 7 
7 oe 
hes Goren. 46 ‘es bs as IO a wews ! ones ah. “ay & 


- 7 


sian at 

® e 4 

a 7 sodas 
wos) bons anttaialina « m Ae orsicograee actoneas of aes 


a ; ; : : 
ele gaeee As oe re Dae Yad porys 00 aaa ets cs = ae . 
7 Pe 


. 
on ty 


oO! . fe gy aetbahgee HeUE . Tied) Bee Sh F sae 


So . 4: AVS € ’ Wik. $Q25 5 te4 yo artis 
~ ‘ = 
+ oe. } i ‘ . ; be b J = 
S 7 ” ; Tony je Soe 4G Bamps) Le 
; ; i 
7 y ~ 
\ oo 
a : 7 a 
ry j } lee zo un ef THe. Pisasw eo 3 a 2s” edt (2. 
ps ma — = >), 
a oy 
. A is - rt . _ os 
onty Erere is «Pee 7S HARD, Poe J i= qoolessa’ seade 
i 7 7 re yy 
Z ; « i - : + 2) . - vo 
— . - oe ® aos . ' d : 
Remlve Dw, ay Yi. a | AS at py Ps NSE: 4 -2ts” Sor et 2 a obo’ =< 
) , : ; S Fas -. fs 
i = 7 ” ; ost 4 Fg _ 
— = ’ oe re s 
borPus Is Ligeo. 2uso) Bon aati @AS mitt? @ ~ aa aylay ie ape az 
bo : 4 / I 
y , 
. -. “<n /- = dt 
Lat@hgdipou.r anents Ele tindre te le rely eta yeti 
2 a ae Sa ae 
e ae 
po Litt Ja. = £3 6. *li wt GG Te esewabes 
5 ne - . - 
Ra a f - 
4 2 ol ; J - > . - a a 
ips Sat? SS pti st etiee 7, terror rs baba f Wy ea L 4 = pales 
lun } “= 


trent) S54 FAigbel ef yaz ohne, #£e et? cian wt sa wer 


Z ee. 
- co eyetih ov o 0: ' (leds neseti rs pings keg ” 
ry! _ tes - ee Ss 
-s590 f ki retail ty bi sn etal i achat -% Dal; 
_ _ 


at 


-_ 7 os Fie be ns ie % Eye hata sete 


(rae 
= 7 


- PA 
oe wae ’ Abaverns. enw “aa ; 
eS Se ee 


~ 


> n@ 


> 
antes (Beiil 7 et poenac 100 on t i“ % 
e a -< - omy : ] 
. , 


6 aad 7 as So este ey lea 

4 a 
Zs . . oy. * 
‘a |‘ Ws) jateye 
- - 
ie 


naloxone produced a dose related increase in twitch amplitude. This 
effect was enhanced by chronic treatment with morphine. In 1976, 

Van Neuten, Janssen and Fontaine demonstrated that continuous disten- 
sion of the lumen of the ileum resulted in "fatigue". Tyrode from 

a fatigued preparation transferred to the bath containing a non- 
fatigued muscle caused rapid inhibition of peristalsis in the second 
tissue. Naloxone antagonized "fatigue" without affecting normal peri- 
stalsis. 

The action of morphine on the release of catecholamines also has 
been investigated in guinea pig intestinal preparations. Schaumann 
(1958) suggested that narcotic analgesics might liberate noradrenaline 
or occupy the same receptors since both morphine and noradrenaline 
or adrenaline reduced acetylcholine output in coaxially stimulated 
ileum to the same extent. The similarity between the effects of 
morphine and catecholamines on twitch amplitude has been noted by 
Cowie et al. (1968), Heimans (1975a) and Ferri, Reina and Santago- 
stino (1977). Heimans found that reserpine pretreatment rendered 
guinea pig ilea less sensitive to the depressant action of low con- 
centrations of morphine, but in the study by Ferri et al., 6-hydroxy- 
dopamine pretreatment did not prevent morphine's action. In addition, 
a or B-adrenoreceptor blockers have no effect on morphine inhibition 
(Gyang and Kosterlitz, 1966; Heimans, 1975a; Ferri et al., 1977). 

In a study by Henderson, Huges and Kosterlitz (1975), morphine 
did not alter noradrenaline output from guinea pig myenteric plexus 
to either twitch or tetanic frequencies of stimulation. In contrast, 


Heimans (1975a) found that morphine reduced the amount of tritiated 
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material released during stimulation of muscle strips loaded with hie 
dopamine. Szerb (1961) showed that stimulation of isolated guinea pig 
jejunum through the periarterial, mesenteric nerves resulted in 
relaxation of muscles previously contracted with histamine. He be- 
lieved these relaxations were due to release of noradrenaline and 
demonstrated that they were blocked by low concentrations of morphine. 
This narcotic action was partially antagonized by nalorphine, but was 
not dependent on the stimulus frequency. Szerb concluded that mor- 
phine prevented the release of noradrenaline due to sympathetic nerve 
stimulation, 

Recently, Shimo and Ishii (1978) have published their evidence 
that morphine can antagonize the relaxation of guinea pig taenia coli 
produced by stimulation of non-adrenergic, inhibitory nerves. This 
effect of morphine is dose-dependent, varies inversely with stimulus 
frequency, and is almost completely reversed by naloxone. 

Intestine from other species such as the rabbit or rat is much 
less sensitive to the inhibitory effects of-narcotics. Mattila (1962) 
showed that tome M morphine increased the tone of isolated rat small 
intestine, but inhibited contractions to nicotine and slightly reduced 
responses to 5-HT and pilocarpine. He was unable to show antagonism 
by nalorphine, but in the concentrations employed, nalorphine acted as 


an agonist. 


2.1.2 The superior cervical ganglion-nictitating membrane 


preparation. Synaptic transmission from the postganglionic fibers of 
the superior cervical ganglion to the nictitating membrane of the cat 
is now known to be very sensitive to inhibition by narcotic analges- 


ics, although this was not revealed by the first studies using this 
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preparation. 

Hebb and Konzett (1949) and Cook and Bonnycastle (1953) examined 
the effects of several narcotics on the response of the membrane in 
vivo to preganglionic nerve stimulation at tetanic frequencies. 
Meperidine reduced responses of the nictitating membrane to pregang- 
lionic nerve stimulation and to injection of acetylcholine or KCl 
into the artery to the ganglion. Morphine, on the other hand, had no 
effect in normal preparations but potentiated responses to acetyl- 
choline in denervated preparations because of its anticholinesterase 
action. 

The reason for the ineffectiveness of morphine in these studies 
was the high frequency of stimulation employed. In 1957, Trendelenburg 
reexamined the effects of morphine on this preparation. He found that 
this narcotic depressed the height of contractions of the nictitating 
membrane to either preganglionic or postganglionic stimulation more 
at low frequencies than at high stimulus rates. Morphine also inhib- 
ited responses to the ganglion stimulant drugs nicotine, TEA, and KCl. 
In lower concentrations, morphine caused a long-lasting depression of 
the responses to histamine, pilocarpine and 5-HT. These stimulants 
potentiated responses of the nictitating membrane to submaximal, pre- 
ganglionic stimulation, an action which was antagonized by morphine. 
These effects of morphine ressemble the action of cocaine on these 
substances and indeed, cocaine was ineffective in the presence of 
morphine in Trendelenburg's study. 

Trendelenburg found that morphine was more effective in inhibit> 


ing responses to submaximal electrical stimulation or submaximal 
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concentrations of the stimulant drugs. He concluded that the 
depressant effect of morphine depended on the amplitude of muscle 
contractions and not specifically on the rate of stimulation, i.e. 
morphine was more effective in depressing small amplitude contrac- 
tions. Cairnie, Kosterlitz and Taylor (1961) verified the frequency 
dependence of morphine's action, but could not correlate the degree 
of inhibition by morphine to the initial size of the contractions. 
These investigators also noted that the latent period was increased 
and the speed of contraction decreased in the presence of morphine. 
The rising phase of the contractions was most affected. 

Responses to intraarterial injection of noradrenaline in this 
preparation are not depressed by morphine (Trendelenburg, 1957; 
Cowie et al., 1968; Gyang et al., 1964) indicating the absence of 
any postsynaptic effect. However, meperidine potentiated responses 
to noradrenaline and enhanced responses to low frequencies of stimu- 
lation (Gyang et al., 1964). Gyang et al. concluded that sensiti- 
zation of the adrenoreceptors may have masked the depression of nor- 
adrenaline release by meperidine. 

The depression of twitch amplitude by narcotics is mediated by 
opiate receptors since the inhibition is reversed by nalorphine 
(Cairnie et al., 1961; Gyang et al., 1964) and is stereospecific; 
i.e. dextrorphan is ineffective (Gyang et al., 1964). 

The results of these in vivo studies led to the conclusion that 
narcotics inhibit release of noradrenaline from postganglionic nerve 
endings (Trendelenburg, 1957; Cairnie et al., 1961; Gyang et al., 


1964). 
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Morphine-like drugs have the same effect on the isolated, 
field-stimulated, medial smooth muscle of the cat nictitating membrane 
as they do in vivo (Henderson, Hughes and Kosterlitz, 1975; Knoll 
and Illes, 1978; Knoll, Illes and Medzihradsky, 1978). Since there 
are no preganglionic nerve fibers in this preparation, the main 
action of narcotics must by at the nerve-muscle junction. Noradrena- 
line output has been measured and it was observed to be reduced by 
morphine, especially at low frequencies of stimulation (Henderson et 
al., 1975; Henderson, Hughes and Thomson, 1972). The magnitude of 
this reduction correlates with morphine's effect on twitch amplitude. 

Knoll et al. (1978) reported that a series of enkephalin ana- 
logues inhibit noradrenergic transmission in isolated nictitating 
membrane. The potency order agreed with the potency in guinea pig 
ileum except for tencoenkennalin which was less potent in the ileum. 

In isolated rabbit superior cervical ganglion, morphine is much 
less effective than in the cat ganglion. Kosterlitz and Wallis (1964) 
found that 2.7 X 10= M occasionally depressed the synaptic potential 
recorded from the surface of the ganglion. Reducing the safety factor 
for ganglionic transmission by performing experiments in the presence 
of hexamethonium or pentolinium, increased the sensitivity to 
morphine. These investigators found no effect of the narcotic on 
axonal conduction, but state this does not preclude failure of conduc- 
tion in the presynaptic terminals. Nalorphine antagonized the depres- 
sion of the synaptic potential by morphine, but, in contrast to its 
action in other tissues, high concentrations of this antagonist did 


not display agonist properties. 
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Forbes and Dewey (1976) recorded postganglionic potentials 
elicited by stimulating the preganglionic nerve trunk of the rat 
superior cervical ganglion in vivo and in vitro. Morphine and meperi- 
dine reduced the height of the evoked postganglionic potential without 
affecting the time course of the compound action potential. The 
effect was independent of stimulus frequency. In vitro, the l- and d- 
isomers of pentazocine were equipotent and l-cyclazocine was slightly 
more potent than d-cyclazocine. Forbes and Dewey were unable to 
antagonize the agonist effects with naloxone and therefore concluded 
that this action of opiates on ganglionic transmission is nonspecific. 
However, in the high concentrations of naloxone (Frank, 1975a) and 
naltrexone (Forbes and Dewey, 1976) used these drugs have agonistic 


properties. 


2.1.3 The isolated vas deferens preparation. In 1972, 


Henderson, Hughes and Kosterlitz described another preparation 
sensitive to low concentrations of narcotics: the mouse vas deferens. 
Field stimulation of this tissue results in muscle contractions due 

to stimulation of intramural nerve fibers and subsequent release of 
noradrenaline. Morphine-like drugs reduce the amplitude of these 
muscle contractions in a dose-dependent manner and are more effective 
when low frequencies of stimulation and submaximal voltage are emp- 
loyed (Henderson et al., 1972; Hughes, Kosterlitz and Leslie, 1975; 
Henderson and Hughes, 1976). These investigators showed that the out- 
put of noradrenaline in the presence of morphine is reduced 

in amounts and with a time couse which parallels the inhibition 


of coutractions. The only report contradictory to 
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their findings is by Jenkins, Marshall and Nasmyth (1975) who failed 
to measure reduction of noradrenaline output during blockade of 
twitch amplitude by morphine. 

North and Henderson (1975) and Henderson and North (1976) 
recorded the excitatory junction potentials (e.j.p.) from the muscle 
cells of mouse vas deferens using intracellular electrodes. Morphine, 
normorphine and levorphanol reduced the amplitude of the e.j.p. 
smoothly with time. The latency of the potentials, resting membrane 
potential and input resistance were not affected by the narcotics. 

Narcotics do not affect spontaneous release of noradrenaline in 
this preparation. Henderson (1976) found no change in amplitude or 
frequency of miniature excitatory junction potentials in the presence 
of normorphine or met-enkephalin. The resting outflow of tritium- 
labelled catecholamines is unaffected by morphine (Hughes et al., 
1975) or met- or leu-enkephalin (Segawa, Murakami, Ogawa and Yajima, 
1975). « 

Inhibition of twitch or e.j.p. amplitude was not due to post- 
synaptic blockade since responses to exogenous noradrenaline were not 
affected (North and Henderson, 1975; Jenkins et al., 1975). 

The effects of opiates described above are mediated by narcotic 
receptors since they are all antagonized by naloxone, naltrexone or 
nalorphine (Henderson et al., 1972; Hughes et al., 1975; North and 
Henderson, 1975; Jenkins et al., 1975; Henderson and North, 1976) 
and because the receptors have stereospecific sensitivities (Hughes 
et al., 1975; North and Henderson, 1975; Henderson and North, 1976). 


High sensitivity of the vas deferens to narcotics is restricted 
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to the mouse. Hughes et al. (1975) found that preparations from the 
rabbit, guinea pig, cat, rat, hamster and gerbil were not sensitive to 
depression by morphine. Actually, sensitivity to opiates varies with 
the strain of mouse. Henderson and Hughes (1976) observed that 
contractions of the vas deferens from TO mice were depressed by 

x9 ome M morphine whereas in preparations from C57/BL mice, 3 to 10 


X fon" M of normorphine or morphine was required. 


2.1.4 Heart preparations. Kosterlitz and Taylor (1959) studied 
the effect of morphine on inhibition of the sinoattial node by vagal 
stimulation in vivo. In the cat, high doses of morphine slightly 
inhibited cardiac slowing to vagal stimulation, but had no effect in 
the guinea pig. However, in the rat and rabbit, doses of morphine 
0.1 mg/Kg and higher produced an immediate, sharp decrease in slowing 
at stimulation rates of 3 to 15 pulses per second. At higher 
frequencies, the only action was to delay the onset of slowing. 
Nalorphine prevented and sometimes partially antagonized this action 
of morphine. The narcotic did not reduce resting heart rate except 
at very high doses. 

Similar effects have been observed in isolated preparations. 
Intranodal electrical stimulation of the isolated rabbit SA node- 
right atrial preparation by voltages subthreshold for myocardial 
excitation, produces a biphasic chronotropic response (Kennedy and 
West, 1967): an initial increase in beat interval due to parasympa- 
thetic, cholinergic stimulation and a secondary decrease in beat 
interval due to sympathetic stimulation. Kennedy and West observed 


that ites g/ml morphine inhibited slowing due to cholinergic stimula- 
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tion at low frequencies and toe g/ml morphine reduced the adrenergic 
response only at high frequencies of stimulation. The latter effect 
was antagonized by atropine. Responses to exogenous acetylcholine or 
noradrenaline were not altered by morphine. These investigators 
concluded that the narcotic altered acetylcholine release from the 
nerve terminals, but could not eliminate an action on the fine, pre- 
synaptic terminals. 

Montel and Stark (1973) focussed their attention on the effect 
of narcotics on adrenergic transmission in the isolated, perfused 
rabbit heart prepared with postganglionic nerves intact. In resting 
hearts both agonists such as morphine and meperidine and antagonists 
such as naloxone and levallorphan depressed contractile amplitude, but 
did not reduce resting output of noradrenaline measured flourometrical- 
ly. Uptake of infused noradrenaline from the perfusate was blocked 
by all agonists tested and by levallorphan. This blockade of neuronal 
uptake of noradrenaline was potentiated by 10¢ M naloxone. However, 
this concentration of naloxone was too high for manifestation of 
antagonist action. Morphine and meperidine, in concentrations which 
blocked uptake, also reduced overflow of noradrenaline induced by 
sympathetic nerve stimulation. 

Wong, Sullivan and Wetstone (1975) suggested that the myocardial 
depressant effect of morphine might be related to interference with 
calcium transport. In their study, decreasing the calcium concentra- 
tion of the perfusate to rabbit Langendorf preparations potentiated 
the negative inotropic effect of morphine and inhibited the positive 
inotropic effect of ouabain. Also, morphine and ouabain were mutually 


antagonistic. Arrhythmias caused by ouabain in normal calcium were 
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prevented or antagonized by morphine. Wong et al. suggested that 
the antiarrhythmic effect of morphine might be due to prevention of 
accumulation of tissue calcium caused by the increase in trans- 


membrane flux of calcium ions by ouabain. 


2.1.5 Nerve preparations. The resuits on the effects of 
narcotics on nerve conduction vary with the concentrations of agonists 
and antagonists employed. 

Cairnie and Kosterlitz (1962) found no effect of 4 X 10> M 
morphine on parameters such as conduction velocity, threshold for 
excitation or recovery of excitability in cat saphenous or rabbit 
vagus nerves in situ. Similarly Kosterlitz and Wallis (1964) found 
neither morphine or nalorphine to be effective in the sympathetic 
nerve to the cat nictitating membrane and hypogastric nerve in vivo 
or in vitro, or on the action potential recorded from isolated rabbit 
vagus. However, meperidine cies g/ml reduced action potential amp- 
litude in A, B, and C fibers or rabbit vagus nerves. Ina study by 
Ritchie and Armett (1963), 5 X 10m M morphine or nalorphine had no 
effect on the action potential or membrane potential of desheathed 
bundles of C fibers from rabbit vagus nerve, but antagonized the 
depolarizing action of acetylcholine on the nerve axons. 

Staiman and Seeman (1974) compared the effects of various 
tertiary amines (e.g. procaine, enantiomers, haloperidol, methadone 
and naloxone) on action potential amplitude in rat phrenic nerve and 
frog or rat sciatic nerve. Reduction in amplitude occurred with 
10° to One M concentrations of these drugs. Their potency cor- 


related with their membrane/buffer partition coefficients. Atso, 
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smaller myelinated nerves were more sensitive to depression. 

Staiman and Seeman pointed out that smaller diameter fibers have a 
lower safety factor for cable transmission and a smaller length 
constant. According to Seeman, Chau-Wong and Moyyen (1972), the 
threshold concentration required to block impulse conduction in rat 
phrenic nerve did not differ for dextro- and levo-methadone and was 
only 1.5 to 2 times greater for dextrorphan compared to levorphanol. 

Narcotics also depress conduction in squid giant axon (Simon 
and Rosenberg, 1970; Frazier, Murayama, Abbott and Narahashi, 1972; 
Frazier, Ohta and Narahashi, 1973) and in axons from walking legs of 
the spider crab and lobster (Simon and Rosenberg, 1970). Morphine 
blocks both the peak transient (gNa) and the late steady-state (gK) 
components of the ionic conductance during an action potential. In 
this respect narcotics ressemble local anaesthetics in action. 

Frazier et al. (1972) observed that the onset of the action of 
morphine was much faster when the drug was applied directly to the 
intermal surface of the squid axon membrane. Therefore, they conc- 
luded that the receptor for the narcotics is on the inside surface 
of the membrane. Simon and Rosenberg (1970) noted that levorphanol 
was considerably more effective at pH 8 than pH 6. Also, penetration 
of levorphanol into the membrane was greater at pH 8. This may have 
been related to the higher concentration of uncharged free base mole- 
cules at the more alkaline pH which would be expected to penetrate the 
membrane because of their lipophilic nature. 

Lower concentrations of levorphanol blocked repetitive activity 
in squid axons initiated by lowering the me and Mou concentrations. 
Simon and Rosenberg (1970) suggested that levorphanol might substitute 


for calcium to some extent. 
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The above investigators concluded that the action of narcotics 
in nerve is nonspecific and not mediated by opiate receptors; the 
action is not stereospecific, i.e. levorphanol and dextrorphan are 
equipotent (Simon and Rosenberg, 1970); similar concentrations 
(1077 M) of narcotic antagonists levallorphan, naloxone and M5050 
also depress action potential conduction by inhibiting both gNa and 
gk (Frazier et al., 1973); the actions of antagonists and agonists 
at these concentrations are additive instead of antagonistic. 

In contrast, other investigators discovered that lower concent- 
rations of antagonists would prevent the action of narcotic agonists 
in nerve preparations. Krivoy (1960) found that various narcotics 
including meperidine and morphine decreased the response of frog 
sciatic nerve in vitro to tetanic stimulation. A combination of 
morphine and the antagonist levallorphan in equal concentrations 
(fo. g/ml) was additive, but lower concentrations of levallorphan 
figs! g/ml) antagonized the action of morphine. Recently, Hunter and 
Frank (1979) have shown that meperidine reduces amplitude, the rate of 
rise and the rate of fall of the action potential recorded by the 
sucrose gap technique from isolated frog sciatic nerve. Naloxone 
oie. TOR. M antagonized the effect of meperidine on amplitude and rate 
of rise and potentiated the depression of rate of fall. 

Jurna and Grossman (1977) also obtained evidence that the action 
of narcotics on the action potential of nerve axons is mediated by 
opiate receptors. In this study morphine increased the amplitude 
in A8 fibers and depressed the amplitude in Ad and C fibers of cat 


sural nerves in situ. A ten fold lower concentration of naloxone 
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antagonized these effects. Naloxone also antagonized the increase 
in amplitude of the after-hyperpolarization and the increase in 
refractory period induced by morphine in isolated sural nerves and 
rabbit and guinea pig vagus nerves. 

Narcotics do not alter membrane potential in any of the nerves 
studied (Kosterlitz and Wallis, 1964; Simon and Rosenberg, 1970; 
Frazier et al., 1972; Jurna and Grossman, 1977; Hunter and Frank, 


1979) 


2.1.6 Skeletal muscle preparations. Pinsky and Frederickson 
(1971) tested the effect of morphine on isolated skeletal nerve- 
muscle preparations to determine whether the effect of narcotics on 
cholinergic synapses is universal and to look for a simpler synaptic 
model for determining the mechanism of this action. 

In both the rat phrenic nerve-diaphragm and frog sciatic nerve- 
sartorius muscle preparations, morphine in concentrations greater than 


Fe One 


M depressed the amplitude of muscle twitches induced by 
nerve stimulation. Similar concentrations of nalorphine were also 
depressant and augmented rather than antagonized the action of mor= 
phine. The depression of twitch amplitude by either drug was some- 
times preceded by an increase in twitch tension. This facilitation 
was not due to an anticholinesterase action since it occurred in the 
presence of high concentrations of physostigmine. 

Since the evoked release of acetylcholine was reduced in the 
presence of morphine, Frederickson and Pinsky (1971) concluded that 


the decrease in indirectly stimulated twitch amplitude was due to 


blockade of transmitter release. 
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A postsynaptic action of morphine was not likely since morphine 
potentiates the response of isolated frog rectus abdominis to exo- 
genous acetylcholine. On the other hand, meperidine depresses 
responses of this tissue to acetylcholine (Hebb and Konzett, 1949). 

In addition, Frederickson and Pinsky (1971) found that the graph 
relating initial twitch tension tae the logarithm of initial acetyl- 
choline release was shifted to the left in the presence of morphine, 
indicating that the action of acetylcholine with its receptors was 
facilitated. Turlapaty, Rasmaswamy, Yayasunder and Ghosh (1977) 
observed that incubation of frog rectus preparations with morphine, 
for either 15 or 120 minutes, augumented contractions to exogenous 
acetylcholine. That is, morphine decreased the ED50 of acetylcholine; 
however, it also decreased the maximum contractile response to acetyl- 
choline. In the presence of physostigmine, morphine caused no fur- 
ther reduction in ED50 relative to physostigmine alone. They 
concluded that the effect of morphine on ED50 for acetylcholine at 15 
minutes was due to its anticholinesterase action. The effects on 
maximum contractile strength and ED50 at 120 minutes were antagonized 
by increasing the calcium concentration. Morphine also decreased 
maximal contractile responses to carbachol after 15 or 120 minutes, 
but decreased the ED50 for carbachol only after 120 minutes. 

The inhibition of twitch amplitude observed by Pinsky and 
Frederickson was not likely due to an action on the muscle membrane 
since responses to direct stimulation of chronically denervated frog 
sartorii were not affected by the narcotic. According to Bell and 
Rees (1974), only higher concentrations of opiate drugs depress 


responses to direct muscle stimulation. 
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The amplitude of the endplate potential in the presence of 
morphine or nalorphine was depressed in a gradual manner with dose 
(Pinsky and Frederickson, 1971). Therefore, they concluded that a 
local anaesthetic-like action on the nerve was not likely the 
mechanism of action of these drugs since this type of action would 
at some point be all-or-none. Smaller doses of morphine or nalor- 
phine slightly increased endplate potential amplitude (Pinsky and 
Frederickson, 1971). 

The question remains, are these effects of narcotics on skeletal 
nerve-muscle preparations just discussed mediated by true opiate 
receptors? Bell and Rees (1974) concluded that they were not since 
there was no significant difference in potency between dextro- and 
levo-moramidine, and since naloxone did not antagonize morphine. 
Instead, they found naloxone to be a more potent depressor than 
morphine and to be synergistic with morphine in its action. However, 
they do not state the concentrations of naloxone used in their study. 
Bell and Rees also found that the potency rank of a variety of nar- 
cotic drugs was different from the order in guinea pig ileum, but 
their results agreed with those of Soteropoulos and Standaert (1973) 
using the cat soleus muscle preparation in vivo. 

The in vivo cat soleus neuromuscular preparation has been used to 
measure drug effects on motor nerve terminals, i.e. small, unmyelinated 
nerves. The potentiation of twitch contractile strength foliowing 
nerve stimulation at tetanic frequencies (PTP) is caused by post- 
tetanic repetitive firing in soleus nerve terminals (Standaert, 1964). 
In the study by Soteropoulos and Standaert (1973), morphine or nalo- 


xone injected into the popliteal artery diminished both the strength 
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of the initial tetanus and PTP. Both drugs also depressed the 
twitch height in the absence of tetanus. Smaller concentrations 
produced depression followed by a slowly developing potentiation of 
twitch tension similar to the action of other neuro-depressants such 
as barbiturates. When a tetanic stimulus was applied while neuro- 
muscular blockade still persisted, the tetanus was followed by 
immediate recovery of transmission. Soteropoulos and Standaert sug- 
gested that morphine and naloxone depressed PTP by acting on the motor 
nerve terminals to suppress the afterpotentials of the unmyelinated 
nerve endings and prevent the development of generator potentials, 
i.e. by stabilizing the nerve membrane. 

Another interesting finding from their study was that lower 
concentrations of naloxone administered intravenously, which had no 
effect on PTP or twitch tension, partially antagonized the depression 
of PTP caused by morphine and shortened the duration of the depression 
of twitch amplitude after intraarterial injection of morphine. Thus, 
in skeletal muscle, naloxone has both agonist and antagonist actions. 

This dual action of naloxone was shown clearly by Frank (1975a) 
and Frank and Buttar (1975), who found that morphine (10°? M), meper- 
idine (107**M), and naloxone Com M) depressed the amplitude of the 
compound action potential recorded extracellularly from frog sartorius 
muscles. However, much lower concentrations of naloxone (3 X 1007 to 
sae. 10. M) antagonized the depressant effects of morphine and meper- 
idine on action potential production. A specific action on opiate 
receptors was indicated since naloxone failed to antagonize the 
depressant effects of procaine, tetrodotoxin or dextromethorphan 


(Frank and Marwaha, 1978, 1979). These low concentrations of naloxone 
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had no effect when administered alone. 

In a study using intracellular electrodes (Frank, 1975b), it was 
shown that meperidine depresses the action potential in frog sartorius 
muscle fibers by two mechanisms; one, an inittal, nonspecific action 
which is manifested by a decrease in both sodium and potassium con- 
ductances, and a second, opiate receptor mediated mechanism causing 
a specific depression of the sodium conductance. Only this second 


mechanism is antagonized by low concentrations of naloxone. 


2.2 Characteristics of Synapses Sensitive to Inhibition by Narcotics. 


Why are some synapses more sensitive to inhibition by narcotics? 
As discussed in the previous sections, opiates are more effective 
when low frequency, submaximal stimulation is employed. Also the 
output of neurotransmitter (either cholinergic or adrenergic) per 
stimulus pulse differs at junctions which are very sensitive to these 
drugs compared to synapses which require high concentrations of 
opiates for manifestation of depression. 

In the guinea pig ileum, the output. of acetylcholine per pulse 
decreases considerable as frequency of stimulation is increased, insu- 
ring a high output of the transmitter at low frequencies (Paton 1994; 
1963; Cowie et al., 1968). In the rabbit ileum, which is considered 
an insensitive preparation, a similar relationship holds, but the 
total amount of acetylcholine released per pulse is 10 times less than 
in guinea pig and the acetylcholine content per unit weight is only 
15% of that of the guinea pig (Kosterlitz et al., 1973). 

In the cat nictitating membrane, the output of noradrenaline per 


pulse is almost constant, but high, at frequencies up to 15 Hz 
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(Henderson et al., 1972; Henderson and Hughes, 1976). Henderson and 
Hughes (1976) observed that in vas deferens of TO mice, which are 
very sensitive to depression by morphine, the output of noradrenaline 
per pulse is constant, but in vas from C57/BL mice, which is less 
sensitive, output per pulse increases with frequency. At adrenergic 
Synapses considered insensitive to depression by morphine such as 

in guinea pig ileum or rat vas deferens and portal vein, output of 
noradrenaline per pulse increases about ten times over frequencies of 
Ueoetor LG uz. 

It has been suggested that there are multiple mechanisms for 
transmitter release control at both cholinergic (Paton, 1963; Cowie 
et al., 1968) and adrenergic (Henderson et al., 1972) synapses. Cowie 
et al. proposed that evoked output of transmitter in guinea pig ileum 
is higher at low frequencies of stimulation because of a subsidiary, 
booster mechanism which operates as low frequencies. This booster 
mechanism is in addition to a basal component which leads to a constant 
output per volley at all frequencies. The booster component is 
depressed by morphine, adrenaline, Mau and cooling the preparation. 
Alternatively, Paton (1963) proposed that there are two independent 
mechanisms involved in the release of acetylcholine: one is common to 
both high and low stimulus frequencies and is morphine insensitive; 
the other operates only at low frequencies to provide a constant out- 
put of transmitter per unit time rather than per puise. 

However, in general it can be stated that morphine is more 
effective at synapses in which the output of neurotransmitter is high 


at low frequencies of stimulation. 
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Differences in recepter density or receptor characteristics also 
might contribute to variation in the response of synapses to narcotics. 
The main reason the action of narcotics often has been termed non- 
specific at many neuroeffector junctions is they are not antagonized 
by high concentrations of naloxone. It often is assumed that if the 
concentration of agonist must be increased to obtain an effect in 
these preparations, the concentration of antagonist must similarly be 
increased. However, from the evidence discussed in section 2.1.6 
above, it appears that although these preparations are less sensitive 
to agonists, they display a high sensitivity to antagonists. 

It is not certain whether opiate agonists, dual acting an- 
tagonists (drugs which can behave either as agonists or antagonists) 
and narcotic antagonists interact with a single type of opiate 
receptor or if there is more than one population of opiate receptors. 
Martin (1967) proposed that there are two types of opiate drug 
receptors. At one, full agonists act to produced an effect and 
partial agonists such as nalorphine produce only antagonism; the 
other only reacts to partial agonists. The more specific antagonists 
such as naloxone act at both sites. Smits and Takemori (1970), 
Takemori, Hayashi and Smits (1972) and Takemori, Oka and Nishiyama 
(1973) proposed that narcotic and dual acting narcotic antagonists have 
different binding sites on the same receptor in addition to a common 
site of attachment: the protonated nitrogen group. Martin, Eades, 
Thompson, Huppler and Gilbert (1976) proposed three types of receptor 
which he termed u, K.and o on the basis of the actions of narcotic 


agonists in the non-dependent and morphine-dependent spinal dog. 
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Knoll, Furst and Makleit (1977) believe there are two types of 
narcotic receptors. According to their theory, cholinergic, peri- 
pheral synapses are prototypes for A receptors and adrenergic synapses 
are prototypes for B receptors. According to Creese and Snyder 
(1975), there are two distinct populations of binding components 
which have different affinities for dihydromorphine. At the moment 


the question of how many receptor-types exist remains open. 


2.3 Postulated Mechanisms of the Inhibitory Action of Narcotics on 


Neurotransmission 

Although it is accepted that narcotics depress release of 
transmitter to nerve stimulation by an action on presynaptic opiate 
receptors, the exact mechanism of this inhibition remains obscure. 
Morphine-like drugs may act either on action potential production in 
the nerve terminals or directly on transmitter release mechanisms. 

The strongest evidence for an effect on action potential 
production comes from the electrophysiological studies using Auer- 
bach's plexus-longitudinal muscle preparations of the guinea pig 
ileum (section 2.1.1) in which narcotics have been shown to block 
conduction of action potentials and to hyperpolarize the membrane 
potential of ganglion cells. However, these findings do not exclude 
an additional action on transmitter release mechanisms from post- 
ganglionic cell processes. It also is difficult to explain the 
frequency dependence of narcotic drug effects on the depression of 
transmitter release or twitch height by a mechanism on nerve conduc-: 
tion (North and Tonini, 1976). Also, the morphine-induced depression 
of the intracellularly recorded e.j.p. in vas deferens (Henderson 


and North, 1976) and the EPP in frog sartorius muscles (Pinsky and 


4 i. 


/ i ceqy?. we =38 ans et lgu cTref). wie 


Py 7 
as Zs t 
i a oe Ms | Hl a sahil 3 u Pi SSSR 
—_ 
7 0% 
seyerys -igteietha Sam eresqeses | 02 c 


re ‘ ’ “RAT.? © oft o.)c4 
. 
yoo wthaid» imieq yonrjess aay 
7% 
taco $ oh | {th and op boleh eGe Soezel? 
eo Enlewos talyp edbtto7lreecks getie wot fe : 
é ? = a A = e a 
= le ‘ e % 
ssataeo 1 E 
epu 
ni 4 s* j : i 
= 4 <f°ael. 812. 
feria . “fa. wa 
Teut 2 ireigvloeleyantrtegis 2:5 : 
.2 = > El > wets Ie 6 seis spn tt eee S| 
7 inf 
' : 4 ry » < _— : i ‘ 
decid soe sed eater sertedad tin ind a Ho sie 
~ i n - 
os we je aa il wu see ate ar 1 one 7s 
r ? } : 
= » 5 
wiijgas J40 at i@ ig — bach ett watts dy hia eu 
“3609 oct? webinadse neastan tet? ry «“ cxtains >: 
or ae — 
3% nee@es 7x2 os 72 ise? 


ia ov) ie +0 


OG pokaGer 


a 


id sy 


weiee Rat asite dai 


46 


Frederickson, 1971) is smooth and gradual with time. If narcotics 
were blocking initiation of action potential production in the un- 
myelinated nerve terminal fibers, this depression would be all-or- 
none. at some point, especially in sartorius which has single 
Synaptic connections on each of the two end-plates on each muscle 
fiber. 

If narcotics act on a chemical process involved in transmitter 
release, this mechanism must be common to all sensitive preparations 
regardless of the identity of the transmitter. The importance of 
calcium ions in a wide variety of secretory systems as a link in 
stimulus-secretion coupling is well documented (Rubin, 1970). Thus 
it has been postulated that narcotics affect calcium mobilization 
resulting from nerve stimulation. 

The sensitivity of peripheral preparations is inversely related 
to the calcium concentration of the Kreb's solution. In guinea pig 
myenteric plexus-longitudinal muscle strips, lowering the calcium 
concentration increases morphine's effect on the evoked twitch ampli- 
tude (Heimans, 1975; Opmeer and Van Ree, 1979). Morphine is less 
effective with high external calcium concentrations and adding calcium 
to the bathing solution, after established blockade by morphine, 
dose-dependently diminishes the response to morphine. This relation- 
ship between morphine and calcium ressembles competitive antagonism 
according to Lineweaver-Burk analysis (Opmeer and Van Ree, 1979), but 
these authors state that not only an effect of calcium on the inter- 
actions of morphine with its receptors, but all inhibitory actions of 
calcium on any process between receptor activation and the measured 


response which lead to an ‘apparent affinity reduction’ are classed 
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as competitive. They postulated that morphine inhibits transmitter 
release by altering calcium ion distribution in neurones. 

In the study by Puig et al. (1978), the inhibition of twitch 
height by endogenous endorphins, released by tetanic stimulation 
of guinea pig ileum, displayed the same calcium dependency. 

In a study of transmitter release in adrenergic systems, Hender- 
son and Hughes (1974) observed that increasing the external calcium 
concentration preferentially increased noradrenaline output at low 
rates of stimulation and decreasing the amount of calcium preferen- 
tially decreased output at low frequencies. In preparations sensitive 
to depression by narcotics, the mouse vas deferens and cat nictitating 
membrane, in which the normal output of noradrenaline per pulse is 
constant over a large frequency range, increasing the external calcium 
results in a decrease in transmitter output per pulse with increasing 
frequency. In low calcium the output per pulse increased with 
frequency, an effect which is similar to the action of morphine. 

In heart muscle, Wong et al. (1975) demonstrated that lowering 
the external calcium concentration increased the negative inotropic 
effect of morphine and morphine antagonized the action of ouabain, 
which is believed to act on calcium fluxes. In frog rectus abdominis, 
the decrease in contractile amplitude to exogenous acetylcholine is 
antagonized by increasing the external calcium concentration 
(Turlapaty et al. (1977). 

In rabbit and guinea pig vagus nerve preparations in vitro, 
decreasing the external calcium slightly depolarizes the membrane per- 
haps by increasing sodium permeability (Jurna and Grossman, 1977). 
This effect was blocked by local anaesthetics, but not by morphine; 


however, morphine was relatively more effective in depressing the 
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action potential amplitude in calcium-free media (Jurna and Grossman, 
1977). 

In low calcium and magnesium solutions, squid axons fire repeti- 
tively to single stimuli, an action which is blocked by levorphanol 
(Simon and Rosenberg, 1970). These authors suggested that levorphanol 
might substitute to some extent for calcium and, in calcium containing 
solutions compete for calcium binding sites. On the other hand, 
Dingledine and Goldstein (1976) found morphine to be virtually as 
effective in inhibiting extracellularly recorded spontaneous activity 
in ganglion cells of Auerbach's plexus in calcium free Ringer's as in 
normal calcium. 

Evidence for an interaction between calcium and narcotics has 
also emerged from studies of whole animals and brain tissue. Eleva- 
ting brain cane Meas or eet levels has been found to antagonize 
analgesia produced by narcotic drugs (Kakunaga, Kaneto and Hano, 

1966; Harris, Loh and Way, 1975b) and prevent the inhibition of 
release of neocortical acetylcholine induced by morphine (Sanfacon, 
Houdi-Depuis, Vanier and Labreque, 1977). 

Acute administration of morphine or levorphanol reduces rat brain 
calcium content (Ross, Medina and Cardenas, 1974; Cardenas and Ross, 
1975; Yamamoto, Harris, Loh and Way, 1978) an action which is reduced 
by naloxone and is stereospecific (Cardenas and Ross, 1975). Evidence 
has been presented which indicates that this depletion of calcium is 
observed in nerve ending synaptic vesicle fractions of brain homogena- 
tes (Ross, Lynn and Cardenas, 1976; Harris, Yamamoto, Loh and Way, 


1977; Yamomoto et al., 1978). This localization of the calcium 
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depletion correlates with the localization of opiate receptor 
binding material in brain homogenates (Terenius, 1973; Pert, Snowman 
and Snyder, 1974). 

The analgesic effect of morphine is potentiated by the calcium 
chelator EGTA but not by EDTA which chelates both calcium.and magnes- 
ium, indicating that calcium is more important than magnesium in the 
action of opiates (Harris et al., 1975b). The kinetics of this action 
also ressemble competitive inhibition. The ionophore X537A, which 
increases the permeability of membranes to calcium and thus promotes 
stimulus-secretion coupling, antagonizes analgesia to morphine in 
mice. This implies that the antagonistic effect of calcium is 
dependent upon the ion being able to penetrate the membrane and that 
morphine might inhibit calcium fluxes across cell membranes (Harris, 
Loh and Way, 1975b). In studies by Harris, Loh and Way (1976) and 
Iwamoto, Harris, Loh and Way (1978), the calcium antagonist lanthanum 
potentiated morphine analgesia in mice and was antinociceptive when 
administered alone. This analgesic action of lanthanum was reduced 
by naloxone and the neuroanatomical distribution of lanthanum in the 
brain was similar to morphine, i.e. the periaqueductal grey. Lantha= 
num displayed partial but incomplete cross-tolerance with morphine 
and suppressed withdrawal in dependent mice to withholding morphine 
or administration of naloxone (Harris, Iwamoto, Loh and Way, 1975a). 

Calcium and magnesium inhibit the stereospecific binding of nar- 
cotics to rat brain homogenates (Pert and Snyder, 1973, 1974). In 
addition, morphine alters the binding of calcium to neuronal phospho- 
lipids and gangliosides and to synaptosomal plasma membranes (Sanghvi 


and Gershon, 1977). Morphine has also been shown to form complexes 


: 


ig - : — pee, a) 7 aie’ a a 2a 
. ae Os ee <n fA were aoa 
_ belt ‘ yade2 4 Sto ie = 4 ied e) eect en’. git hae text _ 
& o 


ue hh: cof cena ETS 29 tkasy corel (IR | ee 


5 = — _ 
# ”) + 
& 
i 3 wd A. 2 Pime@' tig es oi i6;? « ' jaehis okpagle 
fl < , ne Ay 
r) _ “ “ he > . 7 c . rr" 
-teoane ‘o> ayeulas stm Svelsds doadu TS gt aan aod 2M 
: a ; 
2 rl 7 . ew 
oct wi eviestgen Gane INMITOGEL arse 4 raskoea atic acksae ter my. 
: | : : ’ ee x 
¢ Eldd Se@-sabyoedé wht °. TEL see skys) eabel go eine 
F : ah i 
raj a ex Pace fi) Peek i i. 4e5Ge at rey ES pes oidnoeens = 
» | ‘ * - aS 
7 -_ i 
peronerq 2vc? bie wilteisy oa iat ahs 4. hei ns cise edt a 


fk 
" 
‘ 


5 
/ wo oe: : 
et aptoaie> ,iaite ahve seit: bi | prea ga th 
$48 anne 4s sieeage o7 eee yank aot ada ‘toqu eek ats ae 


* 7 - - 
» + eta? My thot ix ‘prose = mag itso Srulisind -tthghe ce rrt 


=~ » = - 


= — mt as 
pert i S32 gAsie tei o any: e(ahe nets qs Be ym ais Ri 
4 eS a ae 


ne wurst chibi 2oy "bes ate ap- aid et bo i 


De 


s Layo ; = iv, . etree eat a oh Ts Ble ~f i ube seae sci she 


ns 


, 


testes ase aymetanel 36 one peti Sha? 


2 
fom 14s eter 9 lt a enn 


° ts: a e 2 te = Ape teers — - ‘ sis gesieigi: 


gs A ha 
eon lid ” So Ewy09 Pease asi ate : 
' ee Dies ne ae 


- 
~ 
4 


padisiadinn rose ee pote oF A 
20 .5e bee Dalloer 


~ben 26 gukiws 


with calcium and magnesium in vitro (Lin, Sutherland and Way, 1975). 
Calcium has higher affinity for morphine than does magnesium. 

These observations support a direct interaction between calcium and 
narcotics. 

Harris et al. (1977) and Yamamoto et al. (1978) postulated that 
acute administration of morphine depletes vesicular calcium by 
inhibiting transmembrane fluxes of the ion and thus depressing trans-—- 
mitter release. Yamomoto et al. (1978) suggested that the sites 
involved should be localized on the inner surface of the nerve ending 
membrane. This site would be ideally suited to function as part of a 


"dump" 


mechanism to maintain very low levels of free calcium inside 
the nerve endings. With chronic administration, the vesicular calcium 
would be replenished and eventually increased above control levels by 
some homeostatic mechanism. This alteration in calcium balance could 
explain cross-tolerance with lanthanum (Yamamoto et al., 1978). 

Although many antagonistic interactions between calcium and 
narcotics have been reported, this antagonism is not complete. In 
nerve and muscle fibers, decreasing the calcium concentration renders 
the membranes hyperexcitable (section 1), whereas narcotics depress 
excitability in nerve and muscle. 

Ehrenpreis, Greenberg and Belman (1973), and Ehrenpreis, Green- 
berg and Comaty (1975) have postulated that E prostaglandins are in- 
volved in the mechanism by which acetylcholine is released during 
electrical stimulation and that the effect of narcotics on neurotrans- 
mission is mediated by a prostaglandin receptor. 

Using the guinea pig whole ileum and longitudinal muscle prepara- 


tions, Ehrenpreis et al. (1973) demonstrated that PGE, and PGE, 
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reverse the blockade of electrically induced twitch contractions by 
morphine, methadone, levorphanol and meperidine. When low concent- 
rations of prostaglandin were employed, this antagonism was competive, 
but with higher concentrations of morphine it became noncompetitive. 
PGE, and PGE, also enhanced the effectiveness of naloxone in reversing 
narcotic-induced blockade (Ehrenpreis et al., 1975). These investi- 
gators argued that this action of prostaglandins is specific to 
narcotics since these agents did not antagonize twitch-blockade 
induced by catecholamines, local anaesthetics or barbiturates. 

Although prostaglandins can contract smooth muscle E-type 
prostaglandins do not likely antagonize narcotics by a postsynaptic 
action since responses to exogenous acetylcholine are little affected 
(Ehrenpreis et al., 1975) and since PGE, and PGE, only variably and 
minimally increase the height of electrically induced twitches 
(Ehrenpreis et al., 1973; Durham, 1975). Durham (1975) found that 
PGE, very effectively reversed tetrodotoxin blockade of electrically 
induced twitches in Auerbach's plexus-longitudinal muscle preparations 
of guinea pig ileum indicating a presynaptic action. Morphine 
(Jaques, 1969; Sanner, 1971) and met- and leu-enkephalin (Jaques, 
1977) antagonize PGE-induced contractions in ileum and spontaneous 
contractions and increases in tone when they occur. According to 
Sanner (1971), prostaglandins stimulate the guinea pig ileum by both 
neural and direct mechanism. 

Prostaglandin antagonists were also found by Ehrenpreis et al. 
(1973) to block contractions of guinea pig ileum. Both receptor 


blockers such as SC19220 and oxa-13-prostanoic acid and inhibitors 


of prostaglandin synthetase, i.e. indomethacin, block contractions 
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induced by electrical stimulation, an effect which is reversed 
by PGE,. Ehrenpreis et al. also state that these actions of PGE 
and its inhibitors are confined to preparations which are sensitive 
to morphine. 

Further evidence for an interaction between prostaglandins and 
opiates was found by Ferri, Santagostini, Braga, and Galatuas (1974) 


who reported that PGE, antagonized morphine analgesia in rats. 


1 
The link between prostaglandins, morphine and calcium must also 


be considered. Guanidine behaves very much like prostaglandins in 


the guinea pig ileum preparation (Durham, 1975). One of the simila- 


rities is that guanidine reversed morphine-induced blockade of twitches. 


However, it was concluded that guanidine does not affect synthesis 
and release of prostaglandin since the increase in twitch height in 
the presence of guanidine was not blocked by indomethacin. It 

is also interesting that both guanidine and prostaglandins can 
reverse tetrodotoxin blockade and that calcium is important in 
regulating responses to both agents (Northover, 1971; Durham, 1975). 
Kirkland and Baum (1972) stated that prostaglandin activity could 
be interpreted in terms of facilitation of movement of calcium ions 
into or out of biological membranes; They found evidence for 
marked facilitation of non-energized binding of calcium ions to 
mitochondrial membranes in the presence of PGE). 

Cyclic 3',5'-adenosine monophosphate (cAMP) has been implicated 
as an intracellular mediator in both release of neurotransmitters 
presynaptically and in regulating the response of the postsynaptic 
membrane to stimulation (Clouet and Iwatsubo, 1975). Levels of cAMP 
are increased by prostaglandins which stimulate adenylate cyclase, 


the enzyme for its formation from ATP. Inhibition of PGE-sensitive 
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adenylate cyclase has been postulated as the mechanism of action of 
narcotics (Collier and Roy, 1974a, 1974b). These investigators 
reported that PGE, or PGE, stimulated the formation of cAMP 

in rat brain homogenate and that morphine-like drugs inhibited this 
stimulation without inhibiting the basal production of cAMP in the 
absence of prostaglandins. They found the action of narcotics was 
stereospecific and reversed by naloxone. 

Neuroblastoma x glioma hybrid cells in culture also contain a 
PGE-sensitive cyclase which is inhibited by morphine (Traber, Fischer, 
Latzin and Hamprecht, 1974, 1975; Sharma, Nirenberg and Klee, 1975) 
and by enkephalins (Brandt, Gullis, Fischer, Buchen, Hamprecht, Moroder 
and Wunsch, 1976; Goldstein, Cox, Klee and Nirenberg, 1975) in a 
noncompetitive manner. Morphine also increases cGMP levels in these 
cells (Gullis , Traber and Hamprecht, 1975). These are all narcotic 
effects since they are stereospecific and antagonized by naloxone. 
However, morphine does not affect noradrenaline-sensitive cyclase 
(iraber-etsal/, 1974)% 

In brain tissue, the effect of opiates on cAMP levels is not 
clear cut. There is no agreement in the responses reported (see 
Sanghvi and Gershon, 1977). Collier and Roy (1974ab) observed that 
morphine depressed PGE-stimulated cyclase in rat striatal slices but 
Katz and Catravas (1977) did not. Havemann and Kuschinsky (1978) 
suggested that under some experimental conditions such as with a 
large amount of damaged surface as occurs in homogenated tissue, 
endogenous activators of cAMP such as adenosine might mask the 
inhibitory effect of opiates on cAMP.synthesis by PGE. 


Clouet and Iwatsubo point out that other aspects of the regula- 
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tion of adenylate cyclase activity should be considered in relation 
to opiates such as the role of calcium. Morphine may inhibit adenyl- 
ate cyclase activity either independently of its action on calcium 
transport or directly by reducing formation of calcium-regulator 
complex which may be essential for activation of cyclase (Sanghvi 

and Gershon, 1977). 

Certain adenine nucleotides mimic the effect of morphine in that 
they inhibit twitch responses of electrically stimulated guinea pig 
myenteric plexus-longitudinal muscle preparations (Takagi and 
Takayanagi, 1972; Gintzler and Musacchio, 1975; Sawynok and 
Jhamandas, 1976). Gintzler and Musacchio suggested that noradrenaline 
induced inhibition of responses to field stimulation is mediated by 
formation of cAMP. Since morphine, ATP and adenosine potentiated the 
effects of noradrenaline in their study, they suggested that these 
agents might increase the ability of noradrenaline to stimulate 
cyclase or interact with cyclase in a similar manner. 

Sawynok and Jhamandas (1976) found that theophylline, which 
inhibits adenosine and phosphodiesterase, antagonized the depression 
of twitches induced by adenosine, ATP, cAMP and dibutyryl-cAMP 
and also morphine. However, naloxone did not antagonize nucleotide- 
induced depression indicating the nucleotide and narcotic receptors 
are separate entities. These studies indicate opiates would increase, 
rather than decrease, cAMP levels, but as stated by Sawynok and 
Jhamandas (1976), other consequences of opiate action such as altera- 
tion in calcium fluxes have not been ruled out. At the moment the 
role of cyclic nucleotides in the action of narcotics remains 


controversial. 
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2.4 Preparations Sensitive to the Excitatory Actions of Narcotics 


In contrast to the numerous inhibitory actions of narcotics, 
these are excitatory in some systems and species. Although morphine 
depresses motility of the small intestine in guinea pigs, it increases 
both tone and motility in the gastrointestinal tract of the dog 
and rat, and man resulting in delayed evacuation of the contents. 
Spasm in the various sphincters such as the pyloric sphincter 
after administration of narcotic drugs also contributes to the 
constipating effect (references cited in Clouet, 1971). 

The effect of narcotics on intestinal motility has been extens- 
ively studied in the dog small intestine in vivo or in vitro by 
Burks and Long (1967ab), Burks (1973); De Oliviera and Bretas (1973) 
and Burks and Grubb (1974). These investigators proposed that 
morphine causes an increase in tone and rhythmic activity and loss 
of propulsive activity by releasing neuronal 5-HT. The 5-HT would 
act as a mediator for the effects of morphine by releasing acetyl- 
choline which is directly responsible for the contractile effect. 
This action of narcotics is mediated by opiate receptors since they 
are significantly attenuated by naloxone (Burks and Long, 1974) and 
are stereospecific (Burks and Long, 1967b). Similar effects of 
morphine were observed by Burks (1976) in rat intestine in vivo. 

Opiates can also cause constriction in vascular smooth muscle. 
Narcotics induce dose-related contractions of isolated rat aortic 
strips (Lee and Berkowitz, 1976). These authors concluded that the 
contractions were not nediated by adrenergic or cholinergic mechan- 
isms, histamine or prostaglandins. L-isomers are 5 times more 


potent than d-isomers and the effects of 1-pentazocine are reversed 
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by | naloxone, by high concentrations of either isomer of methadone 
and also by the calcium antagonist verapamil. 

The relevant finding to this thesis from these studies of the 
excitatory effects of opiates is that the calcium dependency of 
their actions is opposite to the calcium dependency found in prepa- 
rations in which the morphine-like drugs are inhibitory, i.e. dec 
reasing the calcium concentration antagonizes the excitatory actions 
of narcotics, but potentiates their inhibitory actions. 

In the brain, morphine decreases the spontaneous release of 
acetylcholine in species such as the rat (Jhamandas and Sutak, 1974) 
but increases release from cat cerebral cortex (Jhamandas, Phillis 
and Pinsky, 1971). The increase in acetylcholine output is concomi- 
tant with excited motor and behavioural responses in these animals 


(Phillis, Mullin and Pinsky, 1973). 
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CHAPTER II. STATEMENT OF THE PROBLEM 


As discussed in the introduction, many hypotheses have been 
proposed to explain narcotic analgesia and the effects of opiates 
on synaptic transmission. These drugs may act by inhibiting 
action potential production in nerve terminal fibers or by 
inhibiting some stage of the transmitter release mechanism. 

The purpose of this thesis was to study the action of a 
narcotic (meperidine) on a more simply innervated preparation, 
in which activity on the presynaptic nerve action potential, on the 
transmitter release mechanism and on the postsynaptic membrane can 
be studied separately; the frog sciatic nerve-sartorius muscle 
preparation. 

The questions to be answered were: 

1) Is there a true narcotic receptor at the skeletal neuromuscular 
junction or is the depression of transmission nonspecific? 

2) By what mechanism do narcotics depress neuromuscular transmission 
in this preparation: 

(i) by preventing the conduction of the action potential in 

the fine, unmyelinated nerve terminals, 

(ii) by depressing a phase of the acetylcholine release 

mechanism, 
or (iii) by preventing the action of acetylcholine on the sub- 


synaptic region of the muscle? 
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CHAPTER III. MATERIALS AND METHODS 


1. Biological Preparations 


All experiments were performed on tissues isolated from frogs of 
the species Rana pipiens. 

When the sartorius muscle alone or with sciatic nerve attached 
was to be employed, animals were sacrificed by a sharp blow on the 
head and then pithed. When, in addition, spinal roots were required, 
the frogs were anaesthetized by intraperitoneal injection of 1 ml of 
a 10% urethane solution. All frogs were stripped of the skin from 
the trunk and hindlimbs. Tissues were dissected with the aid of a 
Zeiss operating stereomicroscope. Usually two preparations were 
removed from each frog. 

Preparations were mounted at approximately resting length in the 
appropriate bath containing Ringer's solution at room temperature. 
Forty-five minutes to one hour were allowed for equilibration of the 
tissues with the bath solution before experimental procedures were 


commenced. 


1.1 Sartorius Muscle Preparation. Using a sharp scalpel, the 


pelvic girdle was split along its midline from ventral to dorsal sur- 
face. Care was taken to maintain the integrity of the tendon-sartorius 
attachment. The tendon at the distal end of the muscle was ligated and 
cut. Then the sartorius was dissected free by carefully cutting along 
the connective tissue joining it to the surrounding muscles. At the 
pelvic origin a sliver of bone was left attached to the tendon to give 


support to the preparation. 
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1.2 Sciatic Nerve-Sartorius Muscle Preparation. To expose the 


sciatic nerve on its dorsal surface, an initial cut was made with a 
pair of scissors along the outside edge of the coccygeo-ileacus muscles. 
Then all dorsal muscles and the urostyle were removed from the pelvic 
girdle to the level of the spinal column. The sciatic nerve was severed 
at its bifurcation and dissected free to its entrance into the hindlimb. 
The sartorius was removed up to the point of entrance of the nerve into 
the muscle by the method described previously. The remainder of the 
innervation was exposed from the ventral side by blunt dissection and, 
Starting from the sciatic trunk, was cut free from surrounding tissue 
to its entrance into the muscle. Then dissection of the sartorius 
muscle was completed. 

When electrical activity was to be recorded from the endplate 
region, the connective tissue on the dorsal surface of the muscle was 


gently teased away using extra fine jewelers forceps. 


1.3 Ventral Root-Sartorius Muscle Preparation. The vertebral 


column was exposed by removing the muscles on the dorsal surface of 

the frog and removing the urostyle. The sharp point of a pair of 
scissors was inserted into the spinal canal and a cut was made gradual- 
ly along the midline of the spinal column. The bone on both sides of 
this cut was chipped and cut away, exposing the spinal cord up to about 
the level of the fifth spinal nerves. The VIII vertebra was removed 
further to expose the VIII spinal roots. These roots were cut at their 
entrance to the spinal cord and carefully dissected from the caudal 


vertebral notch. The IX spinal nerve was sectioned at the level of the 
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sciatic nerve bifurcation. Dissection proceeded as described for the 


sciatic nerve-sartorius muscle preparation. 


2. Solutions 

All salts used in the Ringer's solution were A.C.S. or Analar 
Standard Reagent Grade chemicals. They were dissolved in double dis- 
tilled, deionized water. The basic Ringer's solution was composed of: 
NaCl, 111.8 mM; KCl, 2.47 mM; CaCl2.2H,0, 1.08 mM; NaH,P0,.2H,0, 0.44 


mM; NaHCO 2.38 mM; and, dextrose 11.1 mM. D-tubocurarine chloride 


32 
or MgCl, .6H,0 were added as indicated in the experimental methods. 


The pH of the solution was measured at 7.1 to 7.3. Addition of drugs 


to the basic Ringer's altered the pH by less than 0.1 units. 


3. Drugs 

The drugs used in this investigation were: 

(a) acetylcholine chloride, supplied by J.T. Baker Chemical Co., 
molecular weight 181.7. 

(b) meperidine hydrochloride, supplied by Winthrop Laboratories, 
molecular weight 283.8. 

(c) naloxone hydrochloride, supplied by Endo Laboratories Inc., 
molecular weight 362.9. 

(d) physostigmine sulphate, supplied by Sigma Chemical Co., 
molecular weight 648.8. 

(e) tetraethylammonium chloride, supplied by BDH Chemicals, 
molecular weight 183.7. 

(£) d-tubocurarine chloride, supplied by Nutritional Biochemicals 


Corp., molecular weight 785.8. 
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Throughout the text, concentrations of these drugs are expressed 
in Molarity. A concentrated stock solution of each drug was made 
using the bathing solution as solvent and was refrigerated. 

This solution was diluted to the desired concentration during the 


experiment. 


4. Electrodes 

Glass microelectrodes were drawn from open-ended capillary tubes 
(1.5 mm outside diameter) using a PN-3 Narashige Scientific Instruments 
horizontal electrode puller. For intracellular recording the electrodes 
were made to have resistances of 10 to 30 M2 when filled with a filtered 
3 M KCl solution. For extracellular recording use, the electrodes were 
pulled in the same manner to have resistances of 5 to 10 Mi and were 
filled with 0.9% NaCl. 

For filling, the electrodes were mounted on glass slides using 
elastic bands and placed in a covered Coplin staining dish containing 
sufficient electrolyte to submerge the electrode tips. An electric 
lamp placed directly over the container resulted in filling of the tips 
overnight by capillary action. The following day filling was completed 
using a tuberculin syringe with a long, small gauge needle attached. 

For ventral root recording and sciatic nerve stimulation, bipolar 
electrodes were constructed using platinum wire. 

Iontophoresis of acetylcholine onto the endplate required con- 
struction of double-barrelled micropipettes. To facilitate filling of 
these electrodes, glass tubing containing a thread of fiberglass along 


its length was employed. Two pieces of glass, approximately 5 cm in 
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length, were joined together at their ends with wax. They were held 
over a small flame gas burner and twisted around each other in the 
middle approximately 360° as the glass began to melt. Electrodes were 
drawn using the Narashige electrode puller to have a resistance in each 
barrel of approximately 100 M2 when filled with the appropriate solu- 
tion. One barrel was filled with 0.9% NaCl and the other with a1lM 
acetylcholine solution using a tuberculin syringe with a long, small 
gauge needle attached. The electrode tips filled by capillary action 


along the thread of fiberglass. 


5. Experimental Techniques 


5.1 Recording of Muscle Tension Elicited by Sciatic Nerve 


Stimulation. The sciatic nerve-sartorius preparation was mounted in a 
double compartment bath as shown diagramatically in Figure 1(A). The 
muscle was bathed in Ringer's solution. The nerve was led into a 
second chamber filled with mineral oil and rested across a pair of 
platinum stimulating electrodes. The nerve was stimulated at supra- 
maximal voltage with one msec pulse duration at a rate of two pulses 
per minute using a Grass S44 stimulator. Muscle tension was measured 
isometrically using a Grass force transducer (model no. FTO3C) and 
recorded by a Brush Oscillograph (model 16-2308-00). Approximately 

10 minutes were allowed to establish stable control responses before 


testing with drug-containing solutions. 


5.2 Recording of Tension Elicited by Direct Muscle Stimulation. 


The sartorius muscle preparation was mounted in the bath shown in 
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Figure 1B. The electrode arrangement consisted of a circular platinum 
ring surrounding each end of the muscle. These electrodes were connec- 
ted to the output of a Grass S44 stimulator which delivered pulses of 
supramaximal voltage and one msec duration at the rate of two per min- 
ute. Resulting muscle contractions were recorded as described in 
seetion 5.1% 
These experiments were performed with the muscles in solutions 
4 


containing 1.3 X 10 ° M d-tubocurarine which was shown previously.to 


abolish responses to nerve stimulation. 


5.3 Recording of the Spontaneous Muscle Activity Induced by TEA. 


Mounting of the sartorius muscle preparation and the recording method 
were as described in section 5.2. However, the bathing fluid was 


Ringers's solution without d-tubocurarine. 


ye Recording of Ventral Root Electrical Activity. The ventral 


root-sartorius preparation was mounted in a double compartment bath 
(Figure 1A). The muscle was bathed in Ringer's solution, and the nerve 
compartment contained mineral oil. The sciatic trunk was placed over 

a bipolar stimulating electrode and a ground electrode. A second bi- 
polar electrode, which could be used for either stimulating or recording, 
was placed on the ventral root (Figure 2). The viability of the 
preparation was tested by showing that stimulation of the ventral root 
elicited muscle contraction. Nerve activity caused by stimulation of 
the sciatic trunk or by the presence of tetraethylammonium (TEA) in the 
muscle compartment could be recorded antidromically from the ventral 
root. 


In experiments utilizing nerve stimulation, the sciatic trunk was 
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stimulated with supramaximal voltage and one msec duration at a rate 


of four per minute during recording periods only. The nerve was not 
stimulated between recording periods. 

Recordings of either spontaneous or nerve-elicited potentials 
were made at 5, 10, 15, and 30 minutes after placing the muscle in 
solutions with TEA and at 30 minute intervals throughout the remainder 
of the experiment. Only one experiment was performed on each muscle. 
Ventral root action potentials were amplified by an Argonaut LRA 045 
differential preamplifier and displayed on a Tektronix 502 oscillo- 
scope. Input to the oscilloscope was AC differential in an attempt to 
reduce the electrical noise level. Permanent records were made on 
film by a Nihon Kohden camera (model PC-2A) mounted over the oscillo- 


scope screen. 


5.5 Extracellular Recording of the Nerve Terminal Action Poten- 
tial _ and the Endplate Potential. In these experiments (Figure 3) the 
muscle bath was a 5.5 cm diameter petri dish with a layer of clear 
Sylgard resin in the bottom. The sciatic nerve-sartorius preparation 
was mounted by pinning the connective tissue on the outer edge of the 
muscle to the Sylgard layer with smal]. insect pins (size 0.20). The 
nerve was supported above the Ringer's solution by stimulating elec- 
trodes and kept moist by cotton wool soaked in mineral oil. 

Using the method of Katz and Miledi (1965), both the nerve 
terminal potential and the endplate potential (EPP) were recorded 
extracellularly using NaCl-filled glass microelectrodes. The electrode 
was inserted into a WPI Instrument probe clamped to a Leitz micro- 


manipulator. The probe was connected to the input of a WPI Instrument 
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Co. model 701 microprobe system amplifier. The reference electrode 
was a silver chloride-coated silver wire in the bath connected to the 
ground input of the amplifier. The WPI output signals were amplified 
and displayed by a 502 Tektronix oscilloscope and the potentials were 
photographed for analysis. 

The sciatic nerve was stimulated at supramaximal voltage and 1.5 
msec duration at a rate of 12 pulses per minute throughout the experi- 
ment. The endplate region was located by following a nerve to its 
ending visually with a microscope and manoevering the electrode across 
the surface of the muscle until suitable records were obtained upon 
nerve stimulation. 

The muscle bath was constantly perfused with the appropriate 
Ringer's solution at a rate of about one ml per minute by means of the 
flow-through system. To exchange the solution in the bath the perfusion 
rate was increased to approximately 10 ml per minute and at least 40 ml 
of solution was flushed through the seven ml volume bath. During the 
recording periods, the flow was stopped if there was electrical inter- 
ference from the suction. Neither interference or altering the flow 
rate affected the amplitude of the potentials. 

These experiments were performed with solutions containing 3 X 10 6 
to 4 X 10° M d-tubocurarine which was sufficient to prevent muscle 
contraction to nerve stimulation, but not to abolish the EPP. 

Twenty to 25 potentials were recorded during each test period and 
tests were made at 10 minute intervals for one hour. When muscles were 
exposed to meperidine, recordings were also taken at 2.5 and 5 minutes 


following introduction of the drug. The potentials recorded on the 
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photographic film were magnified using a Porst viewer and the following 
parameters were measured: nerve terminal potential amplitude, nerve 


terminal potential duration and EPP amplitude. 


So intracellular Recording of Miniature Endplate Potentials. 


The sartorius muscle preparation was employed for these experiments 
(see Figure 4 for schematic diagram). Mounting in the bath and the 
recording set up were as described in section 5.5 except that intra- 
cellular, 3 M KCl-filled electrodes were inserted into the endplate 
region for recording of miniature endplate potentials (mepp). The 
resting membrane potential was monitored on a second oscilloscope and 
used as an index of cell viability and to confirm that the electrode 
was still inserted in the cell properly and had not damaged the mem- 
brane excessively. 

To measure mepp frequency, the signal was magnified by a Tektronix 
3A3 differential amplifier of a 565 oscilloscope and fed into a Hewlitt 
Packard 520 IL Scaler Timer. The number of mepps occurring in each of 
three two minute intervals was averaged and then divided by two to 
obtain a mean frequency value for each test period. 

Tests were made every 10 minutes for 60 minutes and the amplitude 
of 50 to 100 potentials was measured from each test period. 

The muscle was constantly perfused with the appropriate Ringer's 
solution (no d-tubocurarine) and drug solutions were added by the 
perfusion system. Altering the flow rate of the system for a fast 
exchange of the bathing medium resulted in a temporary alteration of 


mepp frequency. Therefore, for these experiments only, the flow rate 
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was kept constant throughout the experiment and the slower achievement 
of final drug concentration (7 to 10 minutes) was considered in inter- 


preting the results. 


5.7 Intracellular Recording of Miniature Endplate and Endplate 
Potentials and Derivation of Quantal Content. To determine the effect 


of meperidine on quantal content, miniature endplate potentials and 
endplate potentials were recorded simultaneously from the sciatic nerve- 
sartorius preparation. 

Mounting of the preparation, stimulating and recording apparatus 
and exchange of solutions were as described in section 5.5 except that 
3 M KCl1-filled electrodes inserted in the endplate region were employed 
for intracellular recording of potentials. As in all intracellular 
studies, the resting membrane potential was monitored. 

Muscle contractions were prevented by including 9 to 10 mM MgCl, 
in the perfusing Ringer's to depress neuromuscular transmission. 50 
to 100 mepps and 15 to 25 EPPs were recorded during each test period. 
To estimate quantal content, mean EPP amplitude was divided by mean 
mepp amplitude for each recording period (EPP/mepp). The results in 
the presence of drugs were expressed as percentages of the control 
estimate. Since we were interested only in percentage change in 
quantal content caused by drug treatment, some factors common to both 
conditions which are usually used in quantal content determinations, 


were not included in the calculations. 


5.8 Intracellular Recording of Potentials Induced by  lIonto- 


phoretically Applied Acetylcholine. To test for a postsynaptic action 
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of meperidine, its effects on the endplate potential induced by ionto- 
phoretically applied acetylcholine was studied. 

A Medical Systems Corp. iontophoresis unit was employed in these 
experiments. Its output was connected to a silver wire inserted into 
each barrel of the double-barrelled micropipette. One barrel contained 
a 1 M acetylcholine solution and served as the iontophoretic barrel. 
Negative current passed through this barrel caused the positive acetyl- 
choline ions to migrate out the tip of the pipette onto the endplate 
region where they combined with the postsynaptic receptors and induced 
a potential change. A retention current, opposite in sign (i.e. 
positive), was continuously passed through the iontophoretic barrel to 
prevent leakage of acetylcholine onto the endplate between stimuli. 
This was important to prevent desensitization. This current was 
adjusted from zero to +50 nA so that no depolarization or hyperpolar- 
ization of the membrane potential occurred over time. 

The second barrel of the electrode contained 0.9% NaCl and was 
used for current neutralization. The balance module of the iontophor- 
etic unit automatically passed a current through this barrel equal in 
magnitude but opposite in direction to the sum of all currents passing 
through the iontophoretic barrel. This prevents current from going 
through the preparation to ground. 

Mounting of the sartorius preparation in the bath, recording 
apparatus and exchange of solutions was described for other electro- 
physiological studies. The Ringer's solution was prepared without 
neuromuscular blockers. Potentials were recorded intracellularly 


using conventional 3 M KCl-filled electrodes inserted into the endplate 
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region. Electrode placement was verified by the monitoring of resting 
membrane potential and the presence of miniature endplate potentials. 
The iontophoretic pipette was placed extracellularly as close as 
possible to the recording electrode using a modified Prior micro- 
eeninulacoe which had fine adjustment controls in all directions. Its 
position was adjusted to obtain acceptable potential recordings upon 
passage of the stimulus current through the iontophoretic barrel. 
Pulses of 50 msec duration and -100 to -300 nA current at 12 pulses 
per minute were used effectively throughout the experiments. 

Initially control experiments were performed to ensure that the 
potentials retained their initial amplitudes throughout the 30 minute 
experiments. In other experiments, tests were made at 5, 10, 20, and 
30 minutes after exposure of the muscles to solutions containing 
meperidine 1.6 X TO M, or meperidine 1.6 X 10 4 plus naloxone 


3x10 8 mM. 


6. Data Analysis 


Action potentials were recorded on 35 mm photographic film and 
their amplitudes or durations measured in millimeters with the aid of 
a Porst film viewer. A mean value was calculated from the numbers 
obtained in each recording period. Each mean obtained in the presence 
of drug treatment was expressed as a percentage of the mean value 
calculated for the test period before treatment in order to convert 
the responses measured in millimeters to percent of control. 

The results obtained from all muscles exposed to the same experi- 


mental conditions were pooled and the mean and standard error of the 
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mean (S.E.M.) was calculated for each recording time. 
The student's t-test was used to analyze the significance of the 
difference between two means. If the p value was less than 0.05, the 


difference was considered significant. 
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CHAPTER IV. RESULTS 


1. Experiments With Muscle Twitch Tension 


1.1 The Effect of Meperidine and Naloxone on Twitches Elicited 
by Nerve Stimulation. These experiments were performed to determine 


the sensitivity of the sartorius muscles to meperidine and to see if 
reversal of its effects by naloxone could be produced. 

Meperidine, in concentrations of 5 X 10=) Meto 2 x 10-4 M, in- 
hibited muscle contractions to sciatic nerve stimulation. Figure 5 
shows recordings from a muscle treated with 2 X 10-4 M meperidine. 

The depression was rapid in onset and was maximal after one-half hour. 
The response fone particular concentration of meperidine was quite 
variable in different preparations: When three muscles were tested 
with 5X10°M meperidine, the percentage depression of twitch 
amplitude ranged from no depression to 54% with a mean + S.E.M. of 

23 + 16%. The effect of 10-4 M meperidine was tested in two muscles 
and caused depressions of 28% and 46% with a mean + S.E.M. of 37 + 9%. 
2x104™ meperidine produced a 77% + 7% mean depression of twitch 
amplitude. Individual values obtained in five different muscles 
ranged from 52% to 96%. 

To determine if this depression of twitch height involved an 
action on narcotic receptors, the effect of 2 X 10 4M meperidine was 
tested in the presence of naloxone (Figure 6). Muscles were pre- 
treated for one-half hour with naloxone in concentrations of 3 X 10 8 My 
3x10 / Mor 10 6M. In three muscles pretreated with 3 X 10 8 M 


naloxone, meperidine depressed the twitch amplitude by 34%, 53% and 
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68% with a mean + S.E.M. of 52 + 17% after one-half hour. In the 
presence of 3 X 1077 M naloxone, the mean depression produced by 
meperidine was 58 + 17% with individual values ranging from 34% to 
85% after 30 minutes exposure to 2 X 10 4M meperidine (n=4). In 
one muscle pretreated with 10 © vw naloxone, the depression of twitch 
amplitude in the presence of 2 X 10 4 meperidine was 952%. 

In the concentrations employed,naloxone by itself had no obvious 
effect on twitch amplitude during the one-half hour pretreatment 


periods (Figure 7). 


1.2 The Effect of Meperidine on Twitches Elicited by Direct 


Muscle Stimulation. To determine if the depression of nerve-induced 
twitches by meperidine was due entirely or in part to a direct action 
on the muscle fiber membrane, its effect on mechanical responses to 
direct muscle stimulation was investigated. Figure 8 illustrates 
recordings from one of the five muscles tested with 2 X 10 4 M meperi- 
dine. This concentration of meperidine gradually increased the twitch 
height to direct stimulation. The potentiation observed after one- 
half hour of treatment ranged from 6% to 68% above control amplitude. 


The mean value + S.E.M. calculated from all experiments was 37 + 10%. 


PSeelneeiEerect) Of Meperidine on TEA-induced Muscle Contractions. 


The effect of TEA on the sartorius muscle preparation was tested to 
establish effective concentrations to produce muscle twitching and to 
determine if meperidine would antagonize this effect of TEA. 

Each muscle (n=3) was tested with TEA in concentrations of l, 3, 


9, and 27 mM. The muscles were bathed in Ringer's solution without 
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TEA for fifteen minutes between each dose. All concentrations of TEA 
employed induced spontaneous contractions of the sartorius muscles. 
Figure 9A shows a recording from a muscle during exposure to 3 mM TEA. 
The time from introduction of TEA to the onset of twitches was inversely 
related to the concentration used and the effects were reversible when 
the muscles were returned to normal Ringer's. Neither the amplitude 
or frequency of these contractions could be related to effective TEA 
concentrations. 

After control responses had been obtained to TEA as described 
above, the muscles were treated for one-half hour with 2 X 10 4 
meperidine. The sartorii were then retested with 1, 3, 9, and 27 mM 
in the presence of meperidine. No twitching was elicited by any of 


these concentrations of TEA. Figure 9 shows records from an experiment. 


1.4 The Effect of Meperidine on Ventral Root Electrical Activity 


Induced by TEA. As mentioned in the introduction, Beaulieu and Frank 
(1967) demonstrated that TEA induces action potential firing in the 
nerve terminal which can be recorded from the ventral root innervating 
the muscle. I examined the effect of meperidine on this firing to 
test the hypothesis that narcotics act by inhibiting action potential 
production in fine nerve endings. 

TEA-induced activity was observed under two conditions: repetitive 
firing following a single nerve stimulus or spontaneous firing without 
a prior electrical stimulus (Figure 10). In general, TEA-induced after- 
discharges to electrical stimulation could be achieved at lower con- 


centrations than could TEA-induced spontaneous activity (Section 1.4.1 


and 1.4.2). 
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1 a Experiments on spontaneous TEA-induced activity. Since 


9 mM TEA was effective in only one of three muscles tested, 27 mM TEA 
was used to elicit spontaneous electrical activity in the nerve termin- 
als. Four out of 27 muscles tested were resistant to even this high 
concentration. When effective, 27 mM TEA caused action potential 
firing within 10 minutes. In all of three control muscles exposed 
continuously to 27 mM TEA, spontaneous activity persisted throughout 
the 3 hour experiments (Figure 11A). It was visually observed that 
spontaneous muscle contractions in the presence of TEA commenced before 
ventral root activity could be recorded. Both nerve and muscle had 
quiescent periods in the presence of TEA in which no activity could be 
observed. Therefore, the absence of action potentials was not attribut- 
ed to a drug treatment unless no activity was recorded for at least a 
15 minute period. 

In experiments to determine if meperidine could block responses 
to TEA, muscles were exposed first to TEA. Upon the onset of activity 
meperidine was added to the bathing solution. This method insured that 
the muscles were sensitive to TEA. 

Spontaneous activity induced by 27 mM TEA was blocked by concen- 
trations of meperidine ranging from 10 6Mto2X104M. The onset 
of blockade was related to meperidine concentration. 2 X 10 4 M was 
tested in two muscles and blocked nerve terminal activity in about 15 
minutes; 10 4 M meperidine was effective in approximately 30 minutes 
(n=3); 5 X 10 > M abolished TEA activity within 60 minutes of being 
added to the muscle bath (n=2); 10 & M meperidine blocked the effects 
of TEA in 1.5 to 2.5 hours in six out of eight muscles tested. Record- 


ings from a sensitive muscle are shown in Figure 11B. In four 


» a. 
a <~ 


— rs 4 
ort = <SReTia ii weston. 2 sine ) 
: : 7 i aes : 7 


rt we Tl . scheme aeieee saat) ae, Sa eee 


a> 2 eRReTIae ~20° el Satin i - 


4s aoe, ‘ae Geeta Sink ttt -* Sabtaaae TS see,» ae 
t caites teamed GH Se i aaa 73 eascae 


> coe alte — pean tes a: 
ie | egithire sO Ia wd = Satis Pome 
aT eo wine, 


7 ee ied tare 


75 


experiments in which 10 © M meperidine completely blocked TEA-induced 
activity, the muscles were returned to Ringer's solution containing 
TEA as the only drug to determine if this action of meperidine was 
reversible. In two muscles no recovery of action potential firing 
was observed; in the other two muscles only minimal recovery of 
spontaneous firing was recovered. 

To determine if this action of meperidine was mediated by an 
action on opiate receptors, the effect of naloxone on meperidine— 
induced depression was investigated. 

In each of the experiments described above using 10 * Mand 2x 
10 >M meperidine, 3 xX 10 ® M naloxone was added to the bath after 
spontaneous activity elicited by 27 mM TEA had been abolished by 
meperidine. Although the experiments were continued for one hour, no 
return of spontaneous firing was observed. 

Since the preparations did not or only partially recover from the 
depression of TEA activity induced by meperidine as reported above, 
naloxone 3 X 10 8 M was added to the bath at the same time as 
meperidine (10 © M) in the next experiments to determine if the antago- 
nist would prevent manifestation of meperidine's effects. When the 
concentration of meperidine was reduced to 10 6 M, naloxone 3 X 10 8 
M prevented complete blockade of TEA activity by meperidine in two 
out of three experiments (Figure 12). When similar experiments were 
performed in the presence of 10 7 M naloxone, meperidine 10 6M 
failed to abolish spontaneous firing in two of four experiments. The 
criterion for acknowledging protection by naloxone was the presence 
of spontaneous activity 3.5 hours after addition of meperidine and 


naloxone to the muscle bath. 
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1.4.2 Experiments on TEA-induced after-discharge. Similar 


results were obtained in experiments utilizing nerve stimulation. 

6.8 mM TEA caused after-discharge in six out of seven muscles 
tested within 15 minutes of being added to the muscle bath. Fifteen 
minutes after initiation of after-discharge, meperidine 10 © M was 
added to the bathing Ringer's. In three experiments, meperidine 
completely blocked TEA-induced activity in one hour. In one muscle 
after-discharging still occurred even after 2 hours exposure to 
meperidine and in the other experiments only a few small potentials 
could be recorded following the stimulus after a one-half hour exposure 
to meperidine. 

In experiments with sartorii sensitive to meperidine, naloxone 
3 X 10 8 M was then added to the bath Ringer's in addition to the TEA 
and meperidine. In the muscles which had been blocked completely by 
meperidine, after-discharge did not reappear in the presence of 
naloxone although the experiments were continued for 2 hours. Two of 
these muscles were then reimmersed in Ringer's containing only TEA, 
but only a minimal after-discharge could be recovered. 

The muscle in which meperidine did not completely block the TEA 
after-discharge was sensitive to naloxone. When tested one-half hour 
after addition of naloxone to the bath, the amount of repetitive 
activity had increased and was still present one hour later. 

TEA 4.5 mM produced after-discharge in 6 out of eight muscles 
tested. 2xX104M meperidine failed to alter TEA-induced activity in 
three of these experiments, completely abolished after-discharge in 


two muscles one-half hour after being added to the bath, and partially 
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blocked after-discharge in one muscle (Figure 13B). When this last 
muscle was treated with 3 X 10 8 M naloxone as described above, the 
repetitive activity following the stimulus was increased (Figure 13C). 
As in experiments using 6.8 mM TEA, naloxone was ineffective when 
added to the bath after complete blockade of after-discharge by 
meperidine (n=2). In one of these experiments, reimmersing the mus- 
cle in Ringer's containing TEA as the only drug for 1.5 hours did not 
result in recovery of after-discharge. Since this muscle contracted 


to nerve stimulation, it was still viable. 


1.5 The Action of Meperidine on the Extracellularly Recorded 


Nerve Terminal Action Potential and the Endplate Potential. Although 
the previous experiments indicated that meperidine could inhibit nerve 
electrical activity, it was important to determine if this mechanism 
was responsible for the decrease in muscle twitch tension produced by 
indirect nerve stimulation observed in the presence of meperidine. 
Therefore, the presynaptic action potential from the terminal, un- 
myelinated portion of the nerve and the postsynaptic response, i.e. 
the endplate potential, were recorded simultaneously from the region 
of the endplate. A sample recording is shown in Figure 14. The nerve 
terminal potential is followed by the EPP with a delay of about one 
msec. 

In three preliminary experiments, increasing the d-tubocurarine 
concentration from 4 X 10 © M to 1.3 X 10 4 M abolished the EPPS: but 
did not affect the nerve action potential (Figure 15). 


In a separate control study, the amplitude and shape of both 


potentials were maintained throughout the one hour experiments. 
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Records from such an experiment are shown in Figure 16. The control 
data is summarized graphically in Figure 17 and tabulated in Table l. 

To investigate the action of meperidine on these potentials, two 
separate studies were carried out. This was necessary because dif- 
ferent shipments of frogs from the supply house varied in their sen- 
sitivity to meperidine. Animals obtained in the spring were less 
sensitive than frogs received in the fall. This has been noted by 
other investigators (Frank, 1957; Gibbs et al., 1971; Kosterlitz et 
whoent 921)? 

In the first study, addition of meperidine 8 X 10 2 M to the bath 
solution at time 0 produced a gradual depression of the EPP amplitude 
which reached a maximum within ten minutes (Figure 18, Table 2); 
however, meperidine did not reduce the amplitude of the nerve action 
potential sufficiently to account for the depression of EPP amplitude. 

To determine if the reduction in EPP amplitude was mediated by 
opiate receptors or was nonspecific in nature, the experiments were 
repeated in the presence of naloxone 3 X 10 8 M. Naloxone was added 
to the bath at the same time as meperidine. In Figure 18 and Table 
2 it can be seen that naloxone during the first ten minutes signifi- 
cantly antagonized the initial phase of the depression of EPP ampli- 
tude induced by meperidine. In other control experiments, naloxone by 
itself had no significant effect on nerve potential or EPP amplitude 
(Figure 19, Table 1). 

After the studies on miniature endplate potentials (section 1.6) 
had been completed, the above experiments were repeated in the spring 


using a new shipment of frogs. Again meperidine 8 X 10 °M depressed 
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the EPP amplitude without significantly affecting the nerve terminal 
potential (Figure 20A, Table 3); however, the depression was slower 
in onset and less in magnitude than in the first study. When the 
experiments were repeated in the presence of naloxone 3 X 10 8 M, 

no significant difference was found (Figure 20B, Table 3). 

When the concentration of meperidine was increased to 10 4 M, the 
percentage depression of EPP amplitude was increased and was faster 
in onset. When these experiments were repeated in the presence of 
naloxone, the mean depression of EPP amplitude induced by 10 4 M 
meperidine was slightly reduced, especially during the first half 
hour, but this difference was not significant (Figure 21, Table 4). 

Exposure of the preparations to meperidine 1.6 X 10 4 M resulted 
in a similar profile to that obtained with 8 X 10 > M in the first 
study. The EPP amplitude was reduced by about 60%, whereas the nerve 
terminal potential was not significantly affected (Figure 24, Table 
5). Figure 22 shows recordings from a preparation exposed to 1.6 X 
10 4M meperidine. The progressive inhibition of EPP amplitude is 
illustrated. It was noted also that the shape of the recovery phase 
of the endplate potential was altered by meperidine. An initial fast 
phase was followed by a slower return to baseline. 

When these experiments were repeated in the presence of naloxone 
sox UL M, the depression of EPP amplitude was significantly less than 
with meperidine alone (Figure 22, Table 5). Again, naloxone was most 
effective as an antagonist during the initial phase of meperidine- 
induced depression. Records from an experiment are shown in Figure 23. 


Throughout this second study of the effect of meperidine on nerve 
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terminal potential and endplate potential, the nerve terminal potential 
duration was measured also. These results tabulated in Table 6 show 
that no concentration of meperidine tested altered the nerve potential 


duration relative to control. 


1.6 The Effect of Meperidine on Miniature Endplate Potentials 
Recorded Intracellularly. The action of meperidine on miniature end- 


plate potentials was investigated to determine if the narcotic could 
affect the spontaneous release of acetylcholine from nerve terminals 
or alter the responsiveness of the postsynaptic membrane to the 
transmitter. 

Figure 25 and Table 7A exhibit the data obtained from control 
experiments. Mepp mean amplitude and frequency were maintained near 
their initial control levels if the resting membrane potential was 
maintained. If the resting potential became less negative by more than 
10% of the value obtained in the initial recording period, the experi- 
ment was terminated. 

Meperidine 8 X 10 > M (Figure 27, Table 8A) and 1.6 X 104M 
(Figure 28, Table 9A) produced a gradual decrease in mepp amplitude 
during the one hour recording period, but had no significant effect on 
mepp frequency or resting membrane potential. Records from an experi- 
ment are shown in Figure 26. 

When these experiments were repeated in the presence of naloxone 
3 X 10 8 M (added to the bath at the same time as meperidine) there was 
no antagonism of the depression of mepp amplitude elicited by either 


8 X 10 2 M (Figure 29 and 30, Table 8B) or 1.6 X 10 4M meperidine 
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(Figure 28, Table 9B). 
When preparations were exposed to naloxone 3 X 10 8 M for one 
hour, there was no significant change in resting membrane potential, 


mepp amplitude or mepp frequency (Figure 31, Table 7B). 


1.7 The Effect of Meperidine on Quantal Content. To test for 


meperidine-induced depression of acetylcholine release from the pre- 
Synaptic terminal in response to a nerve impulse, the effect of 
meperidine on quantal content was investigated. 

Figure 32 and Table 10 summarize the data from control experiments 
in which resting membrane potential, EPP amplitude and mepp amplitude 
were recorded intracellularly from sartorius endplates. These para- 
meters and the calculated quantal content were well maintained through- 
out the one-half hour experiments. The concentration of MgCl. in the 
basic Ringer's was adjusted from 8 to 10 mM to obtain EPPs approximately 
ten times larger in amplitude than the mepps. 

When these experiments were performed in the presence of meperi- 
dine 1.6 X 10 4 M there was no change in resting membrane potential, 
but both mepp and EPP amplitudes were depressed by about 35%. There 
was no significant percentage change in quantal content (Figure 33, 
Table 11A). In other experiments naloxone failed to antagonize sig- 
nificantly the depression of EPP amplitude induced by 1.6 X 10 4 mw 
meperidine (Figure 34, Table 11B), although the mean depression was 
less during the first 10 minutes in the presence of naloxone. 

This problem was reminiscent of the extracellular studies of nerve 


potential and EPP amplitude in which the sensitivity of the frogs to 
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meperidine was changeable. The percentage depression of EPP amplitude 
induced by 1.6 X 10 4 vw meperidine in the quantal content studies was 
less than observed in the experiments using extracellular recording 
techniques. Therefore, additional quantal content experiments were 
performed using higher concentrations of meperidine. 

Meperidine 4.2 X 10 4 M elicited a 60% reduction in mepp and EPP 
amplitude, but there was still no change in quantal content (Figure 35, 
Table 12A). When experiments were repeated in the presence of naloxone 
3x108 M, it was again ineffective as an antagonist (Figure 36, Table 
12B), i.e. its presence did not alter significantly the effect of 
meperidine on any of the parameters measured. 

To test the possibility that magnesium was antagonizing the pre- 
Synaptic narcotic action, the effect of 4.2 X 10 4M meperidine on the 
intracellularly recorded EPP was investigated using d-tubocurarine 


instead of MgCl, to prevent muscle contractions. The depression of 


2 
EPP amplitude was 72% by this method (Figure 38A, Table 13A). Figure 
37 exhibits records from an experiment. The means from each test 
period were significantly different from the mean obtained in the 
presence of MgCl.. When the experiments were repeated in the presence 
of naloxone, the depression of EPP amplitude was partially antagonized 
(Figure 38B, Table 13B). 
A summary of all the data in Figure 39 reveals that the graph of 

EPP amplitude depression by 4.2 X 10 4 M meperidine in the presence of 


MgCl. resembles the graph illustrating partial antagonism by naloxone 


Z 


of the depression of EPP amplitude caused by meperidine in the presence 


of d-tubocurarine; indeed, there was no significant difference. Thus, 
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the narcotic receptor mediated action of meperidine is not manifested 
in the presence of MgCl,. 


1.8 The Effect of Physostigmine on the Depression of EPP Ampli- 
tude Induced by Meperidine. Since some narcotics are known to have 
slight anticholinesterase activity, experiments were performed in the 
presence of the anticholinesterase physostigmine 1.3 X 10a M which 
would theoretically reduce the amount of substrate available to 
meperidine. D-tubocurarine was used to depress neuromuscular trans- 
mission. The concentration of d-tubocurarine was increased from 2 X 
none Eon 9] x Wks M to counteract the facilitatory action of physostig- 
mine on neuromuscular transmission. The duration of the EPP was 
increased in the presence of physostigmine. 

Depression of the intracellularly recorded EPP by meperidine 
ee fife M was not significantly different from experiments per- 
formed in the absence of physostigmine (Fiugre 40, Table 14). If 


anything, physostigmine potentiated the effect of meperidine on EPP 


amplitude. 


1.9 The Effect of Mepidine on the Endplate Potential Induced 
by Lontophoretically Applied Acetylcholine. To test for a non-opiate, 
postsynaptic action of meperidine, its effect on the intracellularly 
recorded endplate potential induced by iontophoretically applied 
acetylcholine (EPP, ) was investigated. In control experiments, resting 


membrane potential and EPP_ amplitude were maintained throughout the 


iL 
one-half hour experiments (Figure 41, Table 15A). At the end of this 


: -4 
period the d-tubocurarine concentration was increased to1.3 X10 M 
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which abolished the EPP. and verified that the measured potential 


was due to acetylcholine being ejected onto the endplate. 
Other muscles were exposed to meperidine 1.6 X 10m M (Figure 43, 
Table 15B) which resulted in a gradual depression of mean EPP_ ampli- 
tude to 35% of the control value. Potentials recorded before and after 
exposure of one muscle to meperidine are displayed in Figure 42. 
Naloxone 3 X TOE M failed to antagonize the depression of EPP, 
amplitude induced by meperidine (Figure 43, Table 15C). 
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CHAPTER V. DISCUSSION 


The advantage of using a frog's skeletal nerve-muscle preparation 

in investigating the mechanism of action of narcotics on synaptic 
transmission is that the various stages of neuromuscular transmission 
can be monitored separately. Although the majority of studies on 

the peripheral action of narcotics have been performed using the 
guinea pig ileum, a method of measuring electrical activity in these 
nerve terminals and the response of the postsynaptic membrane to the 
transmitter concomitantly has not been developed. Also, the question 
of how conduction of the action potential in Auerbach's plexus is 
modulated by various transmitters is unresolved. The main disadvan- 
tage in the use of frog preparations is the seasonal variation in the 
availability of these -experimental animals from suppliers, and 

in the sensitivity of their sartorii to drugs. The problem with 
variation in sensitivity can be overcome by performing adequate 
control experiments. Another main disadvantage is the high concent- 
rations of opiates required to produce an effect on frog sartorius 
preparations and the possibility of non-opiate actions. 

The first step in this investigation was to show that meperidine 
depressed twitch responses to sciatic nerve stimulation, an action 
shown for morphine by Pinsky and Frederickson (1971). Although the 
depression of twitch tension by a particular concentration of meper- 
idine was quite variable, this variation in responses to narcotic 
drugs also occurs between preparations of ileum from different 
guinea pigs (Cox and Weinstock, 1966). 


Frank (1975 a,b) showed that meperidine depresses the action 
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potential of frog sartorius muscle fibers in similar concentrations 
to those employed in this study. The observation that meperidine 
increased the tension developed to direct muscle stimulation in the 
presence of sufficient curare to block synaptic transmission comple- 
tely indicates that depression of action potential conduction in the 
muscle fiber membrane was not the main cause of the decrease in 
contraction amplitude to nerve stimulation observed in other experi- 
ments. This potentiation of the response to direct muscle stimulation 
is similar to that observed by Pinsky and Frederickson (1971) that 
the threshold concentration of morphine potentiated both twitch and 
EPP amplitudes before the onset of depression. These potentiating 
effects of narcotics are not likely due to their anticholinesterase 
action since the effects observed by Pinsky and Frederickson occurred 
in the presence of high concentrations of neostigmine and, in this 
study, the acetylcholine receptors were blocked by d-tubocurarine, 
eliminating the contribution of acetylcholine in production of the 
twitches to direct stimulation of the muscles. Frederickson and 
Pinsky concluded that morphine facilitates the action of acetyl- 
choline on its receptors. In the present study, meperidine depressed 
the response to iontophoretically applied acetylcholine. The results 
in the present study suggest that narcotics potentiate the contractile 
mechanism in the muscle fibers, but this requires further investigation. 
As discussed in the introduction, there are two major theories of 
the mechanism of action of narcotics on neuromuscular transmission; 
1) inhibition of action potential production in nerve endings by 
hyperpolarizing or stabilizing the membrane potential or 2) the 


suppression of the acetylcholine release mechanism. 
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The observation that meperidine blocked TEA-induced repetitive 
firing following a single nerve stimulus and spontaneous activity 
without a prior electrical stimulus is consistent with the hypothesis 
that narcotics depress neuromuscular transmission by affecting action 
potential production in the nerve endings. Lower concentrations of 
meperidine were required to block TEA-induced activity than were 
required to reduce the amplitude of twitch responses to supramaximal 
nerve stimulation. This is similar to the findings in other narcotic 
sensitive preparations that opiates are more effective when submaximal 
stimulation is employed. 

Beaulieu et al. (1967) found that TEA increased the excitability 
of the nerve terminal membrane and increased the release of acetyl- 
choline from the nerve endings resulting in muscle twitching. They 
proposed that TEA displaces bound calcium from membrane sites, thus 
making the nerve endings hyperexcitable. Meperidine could prevent or 
antagonize the action potential firing induced by TEA in the nerve 
terminals by affecting calcium disposition in the membrane or by 
stabilizing the membrane by some other action. Narcotics have been 
shown to decrease the action potential amplitude in squid giant axon 
(Simon and Rosenberg, 1970; Frazier et al., 1972, 1973), in frog 
sciatic nerves (Hunter and Frank, 1979) and in frog sartorius muscle 
fibers (Frank, 1975 a,b) by depressing both the sodium and potassium 
conductance, but these drugs do not alter the resting membrane poten- 
tial (Kosterlitz and Wallis, 1964; Simon and Rosenberg, 1970; 
Frazier et al., 1972; Frank, 1975b). In the study by Simon and 


Rosenberg, levorphanol blocked repetitive activity in squid axons 
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induced by lowering the cae and Met concentrations. These 
investigators suggested that levorphanol might substitute for calcium 
to some extent. Calcium ions also affect the membrane permeability. 
Lowering the external calcium concentration depolarizes nerve fiber 
Metis Hane by increasing the sodium permeability (Schmidt, 1960). 
However, Jurna and Grossman (1977) found that morphine did not 
reverse the depolarization of rabbit and guinea pig vagus nerves 
caused by lowering the extracellular ean concentration, but morphine 
was more effective in depressing action potential amplitude in a 
calcium-free medium than in a solution with calcium. It also has 
been suggested that the inflow of calcium may be the natural 
activator of the potassium channel in nerve (Much, 1971). 

To determine if the antagonism of TEA-induced firing by meperidine 
is mediated by opiate receptors or is non-opiate, experiments were 
repeated in the presence of naloxone. Since complete depression of 
TEA responses by meperidine was often irreversible, it is not 
surprising that naloxone failed to antagonize blockade of spontaneous 
firing or after-discharge by meperidine when added to the bath after 
the complete cessation of activity. Naloxone 3 X zor M prevented 
complete depression in about 50% of all experiments when added to the 
bath before meperidine (spontaneous firing experiments) or before 
complete blockade of after-discharge by meperidine. This finding 
strongly suggests, but does not conclusively prove, that the action 
of meperidine on TEA-firing is mediated in part by combination with 
narcotic receptors as has been shown for morphine blockade of post- 
tetanic repetition in cat soleus nerve fibers (Soteropoulos and 


Standaert, 1964). Unfortunately, the amplitude or frequency of 
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spikes varies over the time course of exposure to TEA and there is 
no correlation between amplitude or frequency and the TEA concentra- 
tion. Therefore, only the complete blockade of firing by meperidine 
could be considered to be a definitive response. If a partial 
blockade by meperidine could be measured, a naloxone-sensitive 
component might be detected more readily. As will be discussed 
later, the narcotic receptor-mediated depression of EPP amplitude by 
meperidine is evident only at certain concentrations and can be 
partially masked by the non-opiate, ‘local anesthetic-like' action 
of the drug. 

The experiments with TEA showed that meperidine can depress 
electrical activity in nerve endings, but it remained to be determined 
if this mechanism was responsible for the decrease in amplitude of 
indirectly elicited twitches observed in the presence of meperidine. 
Therefore, the presynaptic action potential from the terminal, 
unmyelinated portion of the nerve and the EPP were measured con- 
currently. A simultaneous decrease in both the nerve potential and 
EPP amplitudes would support the nerve terminal action potential 
blockade hypothesis. A decrease only in the EPP amplitude would 
indicate an action on the acetylcholine release mechanism and/or on 
the postsynaptic endplate region. 

Since meperidine had no significant effect on the nerve terminal 
action potential amplitude or duration, but reduced the EPP amplitude, 
an effect on presynaptic action potential production cannot account 
for the depression of twitch tension developed to nerve stimulation 
in this preparation in the absence of TEA. The observation that 


depression of the EPP amplitude developed gradually with the time 
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of exposure to meperidine, also argues against the action potential 
production hypothesis and supports an action on the transmitter 
release mechanism. 

The experiments with naloxone showed that the depression of EPP 
amplitude by meperidine is caused by both an action on opiate receptors 
and by a non-opiate effect. The onset of the narcotic receptor 
mediated depression is rapid and reaches a maximum after approximately 
10 minutes of exposure of the preparation to meperidine. The non-opiate 
effect occurs with lower concentrations of meperidine than does the 
narcotic receptor-mediated effect. This is shown by the results of 
the second study using 8 X 10> M meperidine (Figure 20) and in the 
experiments using LOR M meperidine (Figure 21), in which naloxone 
failed to antagonize significantly the EPP amplitude depression induced 
by meperidine. 

Although the narcotic receptor mediated effect occurred at 
different concentrations in sartorii from different batches of frogs, 
these different concentrations produced approximately the same percent- 
age depression of EPP amplitude. In Figures 18, 24, and 38, which 
illustrate the narcotic receptor-mediated effect of meperidine, the 
depression of EPP amplitude after 30 minutes was 60% or greater. In 
Figures 20 and 21, which illustrate only a non-opiate effect, the 
maximum depression of EPP amplitude by meperidine was only 40% to 50% 
OE Control, 

The fact that low concentrations of naloxone (3 X Ons M) 
antagonized the effects of much higher concentrations of meperidine 
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(SetelOus to. 4,20X 10°" M) supports the conclusion discussed in the 
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introduction that preparations displaying low sensitivity to narcotic 
agonists, are highly sensitive to narcotic antagonists. This could 
reflect structural differences between narcotic receptors at sites 
differing in their sensitivities to agonists or a difference in 
accessibility of agonists to the receptors. The latter is unlikely 
in the present study since the onset of meperidine's action was less 
than one minute. These results with naloxone support the conclusion 
that the action of narcotics on many less sensitive preparations 
has been termed nonspecific because too high concentrations of 
narcotic antagonists were employed in attempts to antagonize the 
depressant effects of narcotic analgesics. The results of this 
investigation show that the action of narcotic analgesics in sciatic 
nerve-sartorius muscle preparations is not entirely non-opiate as 
other investigators have concluded (Bell and Rees, 1974). The 
reason for their conclusion was that they used naloxone in high 
concentrations at which naloxone either has no effect or acts like 
an agonist. It is possible that the action of narcotics in other 
preparations such as the squid axon, so far considered to be 
non-opiate, may have a narcotic receptor mediated component. This 
statement is supported by the demonstration by Hunter and Frank 
(1979) of a component of meperidine's action on the action potential 
of frog sciatic nerve which is sensitive to low concentrations of 
naloxone. 

The results of experiments measuring the nerve terminal action 
potential and the EPP amplitude simultaneously indicate that 


meperidine depresses the mechanism for acetylcholine release and/or 
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inhibits the response of the postsynaptic membrane to acetylcholine. 
Meperidine did not affect spontaneous release as measured by mepp 
frequency at frog sartorius endplates (Figure 27, 28). This result 

is similar to the finding of Henderson (1976) that neither normorphine 
or met-enkephalin reduced the frequency of mejps in mouse vas deferens 
and is consistent with the conclusion of de la Lande and Porter (1967) 
that in unstimulated guinea pig ileum only augmentation of spontaneous 
release of acetylcholine by ongoing neural activity in Auerbach's 
plexus is blocked by morphine-like drugs. 

In this study, although the frequency of mepps was not altered 
significantly by meperidine, the mepp amplitude was considerably 
reduced in a gradual manner ressembling the depression of EPP amplitude 
recorded either extracellularly or intracellularly in the presence 
of meperidine. Whereas. the depression of EPP amplitude was partly 
narcotic receptor mediated, the depression of mepp amplitude appeared 
to be completely non-opiate. Naloxone failed to antagonize the 
depression of mepp amplitude by any concentration of meperidine tested 
(Figure 28, 29), including 1.6 X 107 M which produced a naloxone- 
sensitive depression of EPP amplitude in the same batch of frogs 
(Figure 24). The only mechanisms which can account for a depression 
of mepp amplitude without any change in frequency are: 1) a change in 
the postsynaptic action of the transmitter such as might be caused by 
acetylcholine receptor blockade or a change in the electrical properties 
of the postsynaptic membrane and 2) a reduction of the amount of 
transmitter packaged in each vesicle (quantal size); e.g. by decreasing 
acetylcholine synthesis as happens in the presence of hemicholiniun. 


These experiments on the effect of meperidine on mepp amplitude 
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indicated that the narcotic receptor-mediated component of meperidine's 
action was not manifested in alteration of quantal size since the 
meperidine-induced depression of mepp amplitude was not antagonized by 
naloxone. 

The most likely explanation of meperidine's effect on mepp amplitude 
is a postsynaptic mechanism. This hypothesis was supported by the 
observation that meperidine also depressed the amplitude of the EPP, 
resulting from iontophoresis of acetylcholine onto the endplate 
region. This postsynaptic action of meperidine is completely non- 


opiate since the depression of EPP_ and mepp amplitudes by meperidine 


A 
was not sensitive to naloxone antagonism. This postsynaptic, non- 
opiate action of meperidine explains the naloxone-insensitive component 
of the depression of EPP amplitude recorded both extracellularly and 
intracellularly. 


The observation that the depression of EPP_ amplitude by meperidine 


if 
did not have a narcotic receptor-mediated component, whereas depression 
of the EPP elicited by nerve stimulation did, suggests that the 
narcotic receptors in the frog sciatic nerve-sartorius preparation 
are located presynatically. Since meperidine did not affect the nerve 
terminal action potential, this narcotic must depress a stage in the 
release mechanism for acetylcholine. 

If meperidine acts presynaptically to prevent the release of acetyl- 
choline in addition to its postsynaptic effect, this should be reflected 
in the quantal content of the endplate potential. A decrease in 


quantal content would mean that meperidine affects release in response 


to nerve stimulation although not spontaneous release. When the 
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errectror 1.0 & 10+ M meperidine on quantal content was tested, there 
was no change, i.e. the EPP and mepp amplitudes were depressed to the 
same extent, indicating that only a postsynaptic effect of meperidine 
was manifested in these experiments. In addition, the depression of 
EPP amplitude by this concentration of meperidine was not antagonized 
by naloxone. Since it was possible that the frogs used in these 
experiments displayed a low sensitivity to meperidine (note in Figure 
33 and Table 11A that the maximum depression of EPP amplitude is only 
38% of control) the concentration was increased to 4.2 X 10 ¢ M which 
produced approximately 60% reduction in EPP amplitude. However, there 
was still no change in quantal content and no antagonism by naloxone. 
The only other experimental conditions which differed from previous 
experiments was that EPPs were recorded intracellularly instead of 


extracellularly and that MgCl, was used to block. partially synaptic 


2 
transmission and prevent muscle contractions instead of d-tubocurarine. 
When EPPs were recorded intracellularly in the presence of d-tubo- 
curarine, meperidine 4.2 X Tome M produced a greater percentage depres- 
sion of EPP amplitude than it did in the presence of MgCl. and this 
depression was partially and significantly prevented by naloxone. 

These results suggest that ene as well as naloxone antagonized the 
narcotic receptor-mediated effects of meperidine on frog sciatic nerve- 
sartorius preparations. There was no significant difference in the 
antagonism exerted by ne and naloxone in these experiments (Figure 
39). It is interesting that Mou also antagonizes narcotic analgesia 
(Kakunaga et al., 1966; Harris et al., 1975a) and prevents the 


inhibition of neocortical acetylcholine release induced by morphine 


4+ 
(Sanfacon et al., 1977). This is an unusual effect of Mg since 
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both ner and morphine depress neuromuscular transmission when admini- 
stered separately. 

The alternative explanation of the opiate action of meperidine 
is that the narcotic receptors are located postsynaptically, but an 
Been of meperidine on these receptors is manifested only in the 
presence of curare. A naloxone-sensitive component of meperidine's 
action was not observed in the presence of Me" (quantal content 
experiments) or in the absence of a neuromuscular blocker (studies on 
mepps and acetylcholine potentials). An opiate action of meperidine 
was observed when EPPs were measured in the presence of curare. 
Investigation of meperidine's action on cut muscle fibers or on the 
acetylcholine potential in the presence of curare would test this 
hypothesis. 

Unfortunately, quantal content cannot be measured by the direct 
method in the presence of d-tubocurarine since mepps are blocked by 
concentrations of d-tubocurarine which depress the EPP amplitude to 
below threshold for production of muscle fiber action potentials. 
Other methods of preventing muscle contraction in order to determine 
the quantal content of the EPP, such as using cut muscle fiber prepara- 
tions, or use of the variance method for determining quantal content 


might reveal a decrease in quantal content by meperidine. 


Thus the evidence for a presynaptic, narcotic receptor-mediated 
action of meperidine on the transmitter release mechanism is at this 


time indirect. 


The depression of EPP amplitude recorded intracellularly or 
extracellularly was partially prevented by naloxone indicating that 


meperidine has both opiate receptor-mediated and non-opiate effects 
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on sartorius. Since the depression of mepp amplitude by meperidine 
was not antagonized by naloxone, the narcotic receptors are not 
likely situated postsynaptically nor is the narcotic receptor- 
mediated effect of meperidine due to a change in quantal size. The 
observation that the meperidine-induced depression of the EPP. due 

to iontophoresis of acetylcholine onto the endplate was not naloxone 
sensitive is further proof that the narcotic receptors are located 
presynaptically. Since meperidine did not affect either the amplitude 
or duration of the nerve terminal action potential, blockade of 
action potential production in the nerve terminal fibers does not 
account for the action of meperidine on neuromuscular transmission. 
By elimination, the opiate receptor-mediated effect of meperidine 
should be on the acetylcholine release mechanism. Indeed, 
Frederickson and Pinsky (1971) showed that morphine depressed acetyl- 
choline release in this preparation. 

The only mechanism which would account for the narcotic receptors 
being located on the postsynaptic membrane is that the opiate action 
of meperidine is only manifested in the presence of curare. 

When EPPs were measured extracellularly in the presence of 
meperidine, the rate of decay of the endplate current (epc) was 
often biphasic with a fast initial component and a slow, secondary 
component. Inhalation anaesthetics and barbiturates produce a similar 
action at the skeletal neuromuscular junction (Gage, 1965; Gage 
and Hamill, 1976; Torda and Gage, 1977). Gage and Hamill reported 
that at low anaesthetic concentrations, these agents increased the 
rate of decay of miniature endplate currents (mepc) and reduced the 


amplitude of mepps, perhaps by decreasing the life-time of 'open' 
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Synaptic channels . At higher concentrations, the anaesthetics 

caused a reduction in the amplitude of both mepcs and mepps, and a 
decrease in the rate of decay of the currents. With halothane, 
enflurane and ethanol, the delay in the rate of decay sometimes was 
biphasic as reported in this thesis for meperidine. Torda and Gage 
(1977) suggested that halothane affected the fluidity of lipid layers 
of the postsynaptic membrane, ordering them at low concentrations, but 
increasing their fluidity at high concentrations, and that the state 
of the membrane might control the life-time of synaptic channels. 
Adams (1976) suggested that barbiturates may block 'open' receptor 
channels more rapidly than they can relax. Ruff (1977) concluded that 
the lidocaine derivative QX222 modified endplate currents by altering 
endplate channel gating and that the local anaesthetic interacted with 
the acetylcholine receptor both before and after the agonist binds to 
the receptor. 

This non-opiate, anaesthetic-like action of meperidine on the 
endplate is the major action of meperidine on the frog sciatic nerve- 
sartorius muscle preparation. This is the first demonstration that 
an opiate anaesthetic has similar actions to local and general 
anaesthetics at skeletal muscle endplates. It is interesting that both 
meperidine and barbiturates can potentiate twitch tension in response 
to direct muscle stimulation in frog skeletal muscle (Foulks, Perry, 
Sanders and Washio, 1973). 

It remains to be determined if narcotic analgesics other than 
meperidine have a non-opiate action at endplates of frog sartorius 


muscle. Turlapaty et al. (1977) concluded that 2.5 X 10-4 M morphine 
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facilitates, rather than depresses, the response of frog rectus 
abdominis muscle to exogenous acetylcholine. Meperidine, on the other 
hand, depresses responses of frogs's rectus abdominis to exogenous 
acetylcholine (Hebb and Konzett, 1949). Therefore, it is possible that 
morphine, in concentrations which depress neuromuscular transmission 

in frog sciatic nerve-sartorius preparations, may not have a non-opiate 
action on the endplate whereas meperidine does. 

Turlapaty et al. concluded that part of the facilitiation of the 
response to acetylcholine by morphine was due to the drug's anti- 
cholinesterase action. Meperidine also blocks cholinesterase (Hebb and 
Konzett, 1950). However, in this study, the presence of sufficient 
physostigmine to block cholinesterases did not significantly alter the 
depression of EPP amplitude induced by meperidine (Figure 40). This 
finding indicates that the anticholinesterase action of meperidine did 
not significantly mask its depressant effects. 

Another original contribution of this thesis is the demonstration 
of opiate receptors in a skeletal nerve-muscle preparation as indicated 
by the partial reversal of meperidine-induced depression of EPP 
amplitude. Further studies are suggested to determine the stereo- 
specificity of this action of narcotics by comparing the effects of 
levorphanol and dextrophan in sciatic nerve-sartorius preparations. 
Further study also is suggested to test the hypothesis that the 
receptors are located presynaptically and to determine the mechanism 
by which meperidine's binding to presynaptic narcotic receptors might 
cause inhibition of acetylcholine release. An action on calcium 
disposition is attractive in the light of previously reported inter- 


actions between calcium and narcotics and the analgesic property of 
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lanthanum discussed in the introduction. Although morphine has been 
shown to chelate calcium (Lin et al., 1975), a similar action of 
meperidine would not explain fully the effects of meperidine reported 
in this thesis. A reduction in extracellular free dat might explain 
the inhibition of acetylcholine release induced by meperidine by 
reduction of the amount of free extracellular Gals available for 
influx during nerve terminal depolarization, but does not explain the 
nerve membrane stabilization action. Reduction of extracellular Ca 
would increase rather than decrease membrane excitability. Nor would 
it explain the antagonism by naloxone. In other organ systems chelation 
of calcium by ane M of a narcotic should not significantly alter 

the normal calcium concentration which is in the millimolar range. 
Further studies on the effects of narcotics on calcium disposition 
are required to elucidate the role of calcium in narcotic action. 

The major conclusion of this thesis is that there are three 
mechanisms of action of meperidine operant in the frog sciatic 
nerve-sartorius muscle preparation: one is probably on the transmitter 
release mechanism under conditions of nerve stimulation which is 
partly, if not completely, opiate receptor mediated, a second, non- 
opiate, anaesthetic-like action on the postsynaptic membrane, and a 
third effect on action potential conduction in the nerve fibers which 
may be partly opiate receptor mediated, but is not responsible for 
inhibition of neuromuscular transmission under conditions of nerve 
stimulation. 

The demonstration of opiate action on sciatic nerve conduction 
(Hunter and Frank, 1979), on transmitter release mechanisms (suggested 


by the present study), and on muscle fiber action potentials (Frank, 
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1975 a,b) in frog sciatic nerve-sartorius muscles suggests that 
narcotics have multiple sites of action which are mediated by opiate 
receptor binding. This theory is consistent with the findings in the 
guinea pig ileum that opiate actions are demonstrable on preganglionic 
nerve endings (Ehrenpreis et al., 1976), on the electrical properties 
of ganglion cells (Dingledine and Goldstein, 1976; North, 1976; 

North and Tonini, 1977), and on the mechanisms involved in release 

of transmitter following a nerve action potential (Paton, 1957; 


Cowie et al., 1968). 


ta 5 
7 > Jl 7 4 — 


} 
rt. etetiae Slaie eitensyae-a0 ane! 


‘hoy sa sical ots Ad sake 
ve “it Gabe dnaSaturms oF “ent ana aptl 
Z gb «li sale ae psp et ft apne. avalt% 
sectr, ioubasels Ged aol, (ate? 4 oe sy, rae —_ eri: 
| * igtOt. . aba r ied ot anihalgad eh tae pe 


ane vee site tall tin teres: ante ‘baa: fa70 


é x anean't? THe o4 sei 2e pried eines ves 3 3 
a Reepereets |) GBRRS a so 
: 


=u to > 7 
vn tae —e 


CHAPTER VI. SUMMARY 


1) The action of the narcotic analgesic meperidine on neuromuscular 
transmission in the frog sciatic nerve-sartorius muscle preparation 


was investigated. 


2 topes i M) depressed the amplitude of 


2) Meperidine (5 X 10. 
twitch responses induced by supramaximal, sciatic nerve stimulation. 
This inhibition was not due to depression of conduction of the action 


potential in the muscle fibers since responses to direct muscle 


stimulation were potentiated by meperidine. 


3) Meperidine prevented muscle twitching induced by TEA. In the 
presence of TEA, both spontaneous action potential firing and after- 
discharge following a single sciatic nerve stimulus were induced in 
the region of the nerve terminals and recorded from the ventral root 
innervating the muscle. Both types of TEA-induced firing were 
antagonized by meperidine (107° tor 20x 10-4 M). Naloxone (3 X rom M) 
prevented complete blockade of TEA-induced spontaneous firing or 
after-discharge in about 50% of experiments, but this narcotic 
antagonist did not reverse complete blockade induced by meperidine. 
These results suggest that there are opiate receptors on the 
terminal, nerve fibers innervating frog sartorius muscle fibers, and 
that meperidine can affect action potential production in these 


fine, unmyelinated nerve endings. 


4) An action meperidine on the :receptors described in (3) does not 
account for the meperidine-induced depression of muscle twitch 


amplitude to supramaximal sciatic nerve stimulation since neither 
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the amplitude or duration of the extracellularly recorded nerve 
terminal action potential following sciatic nerve stimulation was 


altered by meperidine in concentrations up to 1.6 X 10n¢ M. 


5) Meperidine (8 X 10 tones 1074 M depressed the amplitude 
of the EPP recorded extracellularly or intracellularly from sartorius 
endplates. This depression was partially antagonized by a low 

8 


concentration of naloxone (3 X 10. M) which itself had no effect 


on neuromuscular transmission. 


6) Meperidine depressed mepp amplitude, but did not significantly 
alter mepp frequency. The depression of mepp amplitude was not 
antagonized by naloxone, indicating that this effect was not 


mediated by opiate receptors. 


7) Meperidine depressed the amplitude of the EPP. due to ionto- 

phoretic application of acetylcholine directly to the endplate 
region. This action of meperidine was not antagonized by naloxone 
These results prove that the depression of mepp amplitude and 

part of the depression of EPP amplitude by meperidine was due to 

a non-opiate, postsynaptic effect of the narcotic on the endplate, 
and that the naloxone-sensitive depression of EPP amplitude was due 


to a presynaptic action of meperidine. 


8) Meperidine did not alter the quantal content of the EPP measured 
in the presence of MgCl, , nor did naloxone antagonize meperidine- 
induced depression of EPP amplitude in the presence of MgCl. Le 
is suggested that Moat as well as naloxone, antagonizes the opiate- 


receptor-mediated effects of meperidine. 
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9) Meperidine had no significant effect on the resting membrane 


potential of the endplate region. 


10) The anticholinesterase action of meperidine did not influence 
significantly the effect of this narcotic on the EPP amplitude since 
meperidine was equally active in the presence and absence of 


physostigmine. 


11) The major conclusion of this thesis is that there are three 
mechanisms of action of meperidine operant in the frog sciatic nerve- 
sartorius muscle preparation; one is likely on the transmitter release 
mechanism under conditions of nerve stimulation, which is partly if 

not completely, opiate receptor mediated; a second, non-opiate, 
anaesthetic-like action on the postsynaptic membrane; and a third 
effect on action potential conduction in the nerve fibers which may 

be partly opiate receptor mediated, but is not responsible for 
inhibition of neuromuscular transmission under conditions of supra- 


maximal nerve stimulation. 


12) The non-opiate action of meperidine on the endplate is the pre- 
dominant effect of this drug in the frog sciatic nerve-sartorius 
and is similar to the action of local and general anaesthetics on 


skeletal muscle endplates. 
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Table. 1. 


Maintenance of the mean amplitudes of A. the nerve terminal 
action potential and B. the endplate potential recorded 


extracellularly from frog sartorius muscles in the absence 
of a narcotic drug (control) or in the presence of naloxone. 


A. 


Time (min) 


Bre 


Time (min) 


% control nerve terminal 


5 Pp p 5. BM, 


control (n=5) 


% control endplate potential amplitude + S.E.M. 


control (n=5) 
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naloxone 3 
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Means in the presence of naloxone were not significantly different from 
mean of control experiments at the same drug exposure time (unpaired 


t-test, p>0.05). 
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Table 2. First study of meperidine 8 X LOT M on the mean amplitude of 
the extracellularly recorded A. nerve terminal action 
potential and B. endplate potential of fpog sartorius in the 
absence and presence of naloxone 3 X 10 M. 


/\e 
Time (min) % control nerve terminal potential amplitude + S.E.M. 
5 meperidine 8 X 197° M 
meperidine 8 X 10 M (n=3) & naloxone 3 X 10° M (n=3) 
3 L663 = 4641 9S 2 Oa/ 
5 EO0 S572) ero 90.9 ti 9724 
10 ob eye ikinm aay 90,5 +. 924 
20 S9s5 2 Sk] 99.0 + 9.5 
30 O99 39s aL O42 ate 2.0 
Be 
Time (min) 4 control endplate potential amplitude + S.E.M. 


meperidine 8 X 10s M 


meperidine 8 X 10> M (n=3) & naloxone 3 X 10° M (n=4) 


3 654 leno. /)* TA vse 4c 

s Don late) 2.9m Sige 384% * 
10 45.4 + 4.8 * 46.2 2. 644.%*% 
20 47.0 + 8.0 * 43.5 4:4,3 

30 40s Dota = 95* 43.5 + 4,3 


* significantly different from corresponding mean of control experiments 
by an unpaired t-test, p<0.05 


** significantly different from mean of meperidine experiments. 
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Table 3. Second study of the effect of meperidine 8 X 10> M on the 
mean amplitude of the extracellularly recorded A. nerve 
terminal action potential and B. endplate potential of frog 
sartorius and the lack of antagonism by naloxone. 


A. 
Time (min) % control nerve terminal potential amplitude + S.E.M. 
meperidine 8 X i077 M (n=5) 
5 9976 ees 
10 RS Eg op py Mes f 
20 104.072 3:5 
30 ED) (Ors 
40 99.0 23.3 
50 08.4 + 5.0 
60 02.42 3.4 
Be 
Time (min) 4% control endplate potential amplitude + S.E.M. 


meperidine 8 X Lae 
meperidine 8 X 10> M (n=5) & naloxone 3 X 10 M CED 


2 o fo eoags sl Els 

10 S259526.6.* O15 9"=510.0 
20 FORO eee e7 o* iPe0 724 2950 
30 Pitzer sa TePapdod Gm deeds) 
40 Pts cae * C2 tet 70.0 
50 68.4 + 3.4 * Dy gta 
60 Ce eels Gee 


* means significantly different from the mean of control experiments at 
the same drug exposure time (unpaired t-test, p<0.05). 


Naloxone did not significantly alter the response to meperidine. 
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Table 4. The effects of meperidine Kelis M on the mean amplitudes of the 
extracellularly recorded A. nerve terminal action potential and 
B. endplate potential of frog sartorius in the absence and 
presence of naloxone. 


‘An 
Time (min) %# control nerve terminal potential amplitude + S.E.M. 
a meperidine roa M 
meperidine 10 M (n=4) & naloxone: 3 X 10 ° M (n=3) 
3 100.7 = 6.3 OS et 20.0 
5 98.0 tt 0.2 oe ESAs) 
10 9629 220.9 9OLOR = 3 <2 
20 94,0 2.030 S42 2e tae 
30 937.0. 2 4.2 Ole oa teed oak 
40 86.8 451.5 SHO VAL Bor a hete) 
50 SIS 2.9 86.6 + 0.4 
60 S37. 9uek 3 59 o2.4 + 4.6 
Be 
Time (min) 4 control endplate potential amplitude + S.E.M. 
ay) meperidine 10" M 
meperidine 10 _M (n=4) & naloxone’ 3 X 10 M (n=3) 
3 65 2o8ea ~ Oy * olen Lape 5 
5 OL, Pere 6.457 66.2222 255 
10 D5). 9ets 629" * (silos) St bay 
20 Do one OG cae Se, Cea 
30 50 eZee « 592 et a, O 
40 5453.+.4.35% Gy) Ma ce) shee) 
50 G9 55a) Oi ot ol Pa ce Pate! 
60 51.60+-3.1°% Jovy S34 


* means significantly different from the mean of control experiments at 
the same drug exposure time (unpaired t-test, p<0.05). 


Naloxone did not significantly alter the response to meperidine. 
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Table 5. The effect of meperidine 1.6 X Tom M on the mean amplitude 


of the extracellularly recorded A. nerve terminal action 
potential and B. endplate potential of frog sartorius and 
partial antagonism by naloxone. 


A. 
Time (min) 4 control nerve terminal potential amplitude + S.E.M. 
meperidine 1.6 X 10°" M meperidine 1.6 glee M 
(n=6) & naloxone 3 X 10  M (n=4) 
3 10620 2384 95.6 254.3 
= 93.6 45 537 95. 3a 6525 
10 92 87 72 5%:6 90.7 2 424 
20 87 05 c w4e8ank OOLG ets 4d 
30 SOG Oe tee aL. s Qiao mwtereo os 
40 Spice ES | tadye’ 96.5 + 13.9 
50 syed tease Soe) 9549 271355 
60 8575228 1056 9559 812255 
Be 
Time (min) 4 control endplate potential amplitude + S.E.M. 
meperidine 1.6 X 107" M meperidine 1.6 X10“ M 
(n=6) & naloxone 3 X 10 M (n=5) 
3 62.4 + 2.9 % TO 2p aes 
5 5SOs0R+ 33.2 65.9 35s 
10 L529 wt 62 16 a SoC eee. 
20 Gl eee i) SD eS 
30 BOR] Ste? 2 -* Sy ay hee ae, 
40 S682 B64 $3 ex Det Ors 
50 35. 0ete3. 9 AGO ates ass 
60 eV Pe Gw as oe ee Bx 3 45 ear 5 5.6 


* significantly different from corresponding mean of control experiments 
by an unpaired t-test, p<0.05. 


** means significantly different from the mean of meperidine experiments 
at the same drug exposure time. 
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Table. 7, Maintenance of mean resting membrane potential (RMP), 
miniature endplate potential (mepp) amplitude and mepp frequency 
recorded intracellularly from frog sartorius in A. the aksence 
of drug (n=5) and B. in the presence of naloxone 3 X 10 M 


(n=3). 
A. 
Time (min) me control. +.S.E.M. 
RMP mepp amplitude mepp frequency 
10 O87 + O28 O9-Oct 1:28 C850 ute ae 
20 ee te aed LOG Vis 2h Slee Zim 6 ath 
30 ae Me ay Se 103... = b.8 B50 me oo 
40 95.3, 4 3¢4 100.8 4.3.9 S/O at 6.3 
50 92.0 + 2.8 100.17 =) 1.6 Olas etea a) 
60 95.0 4+,3..3 po he es ea Ae Oat Oa) 
B. 
Time (min) % control + S.E.M. 
RMP mepp amplitude mepp frequency 
10 98 Shee Ose To ee Neg? ai Lees (Pes bee 
20 2 tS Pi ane OP; 98.0 + 33.9 1O9t 34775 See 
30 99. 072-1755 9605 + Le2 LOgn seen aoe. 
50 SS ae eS art 5 LOSS he Val 
60 933 242.6 90.0'+ 5:8 GO.a 2. 203 


* means significantly different from mean of control experiments in 
A at the same drug exposure time (unpaired t-test, p<0.05). 
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Table 8. A. The effect of meperidine 8 X aye M on the mean resting 
membrane potential (RMP), miniature endplate potential (mepp) 
amplitude and mepp frequency recorded intracellularly from 
frog sartorius (n=7) and B. lack of antagonism by naloxone 


(n=5). 
A. 
Time (min) Paconptral + S.b.i. 
RMP mepp amplitude mepp frequency 
10 VBe7o 219.0 SOI 2 20g sk LOLs lets 7 
20 O82 0° 22159 79.4 (+. 32° TOSeUetE 3 S5. * 
30 93 FIR 226 68.3 + 3.0 * LOE S7 F25559 
40 95200 see 20 O2.G5 9D. 11056-2452. 0..% 
50 2a ee Sh ef et es ail 10226747520 
60 94530453 oF SOsae tel Oat HOG On tel. 
Be 
Time (min) PRCONCTOL. © Sets Ms 
RMP mepp amplitude mepp frequency 
10 9922-20-12 01 SOs See 997.272 21081 
20 D fertimetanl 52, LO oletel. Ss POLS 2a Oe. 
30 O6r22 751.6 GG Ue eee a 8826 7320 
40 9302 21L2698 6300) Heal 95.6 + 3.8 ** 
50 92..65202.8 50 Sete 2S 6 OST Oe cr Oi.7 
60 93). Oss 76 5S55 one O72. 0-27 B26 


* significantly different from corresponding mean of control experiments 
by an unpaired t-test, p<0.05. 


** significantly different when means in B were compared to the mean of 
the corresponding time period in A. 
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* significantly different from corresponding 
by an unpaired t-test, p<0.05. 
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The effect of meperidine 1.6 X 10° M on the mean resting 
membrane potential (RMP), miniature endplate potential 
(mepp) amplitude and mepp frequency recorded intracellularly 
from frog sartorius (n=3) and os 
lack of antagonism by naloxone 3 X 10 M (n=3). 


A-contro. +.S.8.M. 


mepp amplitude 


mepp frequency 


a Om 943742 5.7 
Seles B5TOTt oo 
$221.9 -* 96.574 .9-0 


PICONtLrOleseoek Ms 


mepp amplitude 


+ 
+ 


It be I+ 
PRU 
nwo 


mean in control experiments 


** means in B were compared to the mean of the corresponding time period 
in A by an unpaired t-test and found significantly different (p<0.05). 
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Table 10. Control study of the mean resting membrane potential (RMP), 
endplate potential (EPP) amplitude, and miniature endplate 
potential (mepp) amplitude, and the derived quantal content 
(EPP/mepp) recorded intracellularly from frog sartorius in the 
presence of 9 to 10 mM MgCl, (n=5). 


Time 
(min) PeeCenErol +. S.E.M. 
RMP EPP amplitude mepp amplitude quantal content 
10 2 acs eet ea PRES LO32.0 445s LOOT e236 LO2 12-240 
20 90.4 = 1.9 02 6.-6.5 9 8S Be Dyce ieee danas OS re 
30 GL ieeee2..Q LOL ome G7 CORALS LiO0;o+2" 674 
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Table 11. 
As 

Time 

( min) 

2 95 
10 94 
20 92 
30 91 

B. 
Time 
min 

5 96 
10 93 
20 94 
30 94 
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. Lack of effect of meperidine 1.6 X 10°* M on quantal 
content in frog sartorius, Resting membrane potential 
(RMP), endplate potential (EPP) amplitude and miniature 
endplate potential (mepp) amplitude were measured 
intracellularly in the presence of 8 to 10 ™ MgCl, (n=4). 

- Experiments were repeated in the additional presence of 
naloxone. 34 Xo 10.96M, (n=3). 

a control + S.E.M. 

RMP EPP amplitude mepp amplitude quantal content 
+ 1.1 68. 4. 4.2..3.% eae Om Om of hs CaS eat) 

+ 2.9 GL. 924... 6, * dele Ome. aaok Co ft feb eo pas | 0 
ae pers 62. Se oe. 2a 6250, = 4. G 2 ie et boat Sas 
+ 3.7 eo as Re ea Pa 64 4.5. * SINR a RIE 

fe COMtrol 27a, baw. 

RMP EPP amplitude mepp amplitude quantal content 
= 1.6 G0. 1e 225.2 PROS Saas vse OF Aen ees ee 
ea eS YI is na Yo LOS5 2 2G L027 2 alonG 
as ayy) OG Ge Agr i) A ee | Oo eae 
oy Say | G2, Gs 6.7 (SRA ee igi h O74 eel eae 


significantly different from corresponding mean of control experiments 


by an unpaired t-test, p<0.05. 


** significantly different from corresponding mean in A. by an unpaired 


t-test, p<0.05. 
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The effect of meperidine 4.2 X 10% M on mean quantal 


content in frog sartorius, Resting membrane potential 
(RMP), endplate potential (EPP) amplitude, and miniature 
endplate potential (mepp) amplitude were recorded 


intracellularly in the presence of 8 to 10 mM MgCl, (n=5). 


B. Experiments were, repeated in the additional presence of 
naloxone 3 X 10° M (n=4). 
waconerol + S.E.M: 

RMP EPP amplitude mepp amplitude quantal content 
400 20°*,.1.0 52.9.2" 24 45% 52.4 2 3e2>% TOIS6 32-220 
Sebel 5 CY Pd Bese Wet 46-6 + 1.6% LOLI eto 
1b pas he ate a 40,317 4 2a 46.62% 285 * S509 5.0 
2 Eee eae 59. G2 ak US AU ees ay a 89.9 = 0.6 

* Control + S.E.M: T 

RMP EPP amplitude mepp amplitude quantal content 
98.1 + 0.9 53.6 274.9 55.9 e252 .9 0645 -ooL Ss 
OF 0 eee See ey > 52 ata le S853) 1068 
Lope Rees oo hae Res tes pe Eee ee a, oe TOT TG) 21.6 
99°.4°2°0.6 43356". 2° 5.7 BSt2e= Bt5 O2Naerai (ta 


* significantly different from corresponding mean of control experiments 
by an unpaired t-test, p<0.05. 


Tt There was no significant difference between corresponding means in A 
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Table 13. A. The effect of meperidine 4.2 X 10 4M on resting membrane 
potential (RMP) and endplate potential (EPP) amplitude 
of frog sartorius recorded intracellularly in the 
presence of d-tubocurarine 2 to 4 X 10-6 M (n=7). 
B. Partial reversal by naloxone 3 X 1078 M (n=5). 


rte 
Time (min) RPCOnLroL. + SVETM: 
RMP EPP amplitude 
5 102-426, 2.3 S6ae 2 ob Us 
10 101,92 1.9 SY eg Wh rue) Ma Yes 
20 99 Gut 1.7 SO s5te 1. bas 
30 O750 © 276 2009 2 11a = 
B. 
Time (min) ZA Control = 3S. &. Ms 
RMP EPP amplitude 
2 AH ak oes eth aye 3 TPQ: BURK 
10 O71. £ets9 GUO ere 341 
20 SL ete 19 Wie mee sae 
30 C7 lect. o 40.0 + 7.0 #* 


* significantly different from mean depressjon of EPP amplitude in the 
presence of MgCl, by meperidine 4.2 X 10 "M. (unpaired t-test, p<0.05) 


**& significantly different from the corresponding mean in A. 
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Table 14. The effect of meperidine 4.2 X 10 4 M on resting membrane 
potential (RMP) and endplate potential (EPP) amplitude in 
the presence of physostigmine 1.3 X 107-4 M and d-tubocurarine 
9 X 10-6 M (n=3). 


Time (min) eontrol + SvESM: 
RMP EPP amplitude t 
5 100.9 = 0.9 Caterer. Lb 
10 100.9 + 0.9 39.4 +7029 
20 20) one Lao 36-0 +3059 
30 LOD oat 129 Sole te oy 


tT not significantly different from corresponding mean depression in the 
presence of meperidine 4.2 X 1074 M and d-tubocurarine 2 to 4 X 10°6 M 
by an unpaired t-test, p<0.05. 
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Table 15, A. Control study of the mean resting potential (RMP) and 
the amplitude of the endplate potential evoked by 
iontophoretic application of acetylcholine (EPP) 
recorded intracellularly from frog, sartorius (n=4). 

B. The effect of meperidine 1.6 X 10 M_gn RMP and EPP, (n=4) 
C. The lack of effect of naloxone 3 X 10 M on the 
depression of EPP. amplitude induced by meperidine 


Higdet 9 Re MORE G 
A. Time (min) meeontrol += S.8.M. 
RMP ERPS amplitude 
5 99 Orr 1 105 Gate 7 
10 102.6°43.6 92.6 +00. J 
20 LO Sa dacceee oS 9430 + 76:0 
30 LOG sO Oo. 2 OWI ae ees! 
ine Time (min) ZeeontroL + S.n.M. 
RMP EPP, amplitude 
5 925652) fed bbe ete saj6° * 
10 96.1 + /.5 50 e2eie Se * 
20 OES sane pe) HOS2. + 6.0% 
30 POLe9 oe 4.4 SS.0T+ 5. 78s 
C. Time (min) PeCONELOL Eo Eel. 
fe 
RMP EPP, amplitude 
5 9325+ 52.5 Oe ie SD 
10 OT eS ie Le. 0 SP RRS) EOS ER 
20 94.6 + 1.4 36.0.2 5:0 
30 89.952 3.3 OR SY ie ai 


* significantly different from corresponding mean in A by an unpaired 
t-test, p<0.05. 


+ no significant difference between means of B and C. 


: es 1 iia 
iow (PER Lebsee seg igundigas geet posts -28 Sader 
«. Lagdoie fata ‘sqniques at ic eam 
“Puy oad Leereeias Bo “notsaoLiggs Seas 

tera) * atta Tne ad gees ytcalvt Lewesde i > 
Wid one aa us FO,2 onthrvoyet lo. 358 
» ae b> OL RR enerotse to jose Deg 
nckiraagoe al Dahir wha toes , oe te ee 


C ise ry 


, = =r 


¥.2,¢ ae Ph i atasalel 
“—- I m 


en mas 


119 


stimulator 
ent 


transducer recorder 


2) 


transducer recorder 


Figure 1. Schematic diagrams of apparatus used for recording muscle 
twitch responses: A. to sciatic nerve stimulation and 
B. to direct muscle stimulation. 
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Figure 2. 
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Experimental set up for recording motor nerve action 
potentials from the eighth spinal nerve. In the presence 
of TEA, repetitive electrical activity was generated in 
nerve terminals either spontaneously or after sciatic 
nerve stimulation. These action potentials were con- 
ducted antidromically and recorded from the ventral 

root using platinum, extracellular electrodes. Signals 
were amplified and recorded differentially on the 
oscilloscope. 
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Figure 3. Schematic diagram of recording and stimulating circuits 
for recording simultaneously the nerve action potential 
and endplate potential from frog sartorius muscle using 
extracellular electrodes. 
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Schematic diagram of apparatus used for recording miniature 


Figure 4, 
endplate potentials intracellularly from frog sartorius 


muscles. 
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Figure 5. The action of meperidine on the response of frog sartorius 
muscle to sciatic nerve stimulation. The nerve was stimu- 


lated every 30 seconds by pulses of one msec duration and 
supramaximal voltage. 
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Figure 6. The action of the narcotic antagonist naloxone on 
meperidine-induced depression of twitch responses 
to sciatic nerve stimulation in frog sartorius 


muscle. 
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Figure 7. The action of naloxone (3 X 10 8 M) on the response of 
frog sartorius muscle to sciatic nerve stimulation. The 
nerve was stimulated every 30 seconds by pulses of one 
msec duration and supramaximal voltage. 
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Figure 8. The potentiation by meperidine of frog sartorius muscle 
twitches elicited by direct muscle stimulation. The 
muscle was stimulated every 30 seconds by pulses of one 
msec duration and supramaximal voltage delivered to 
platinum rings surrounding each end of the muscle. 
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Tetraethylammonium chloride (TEA)-induced contractions 
in frog sartorius muscle (tracings from oscillograph 
records). At R the muscle was washed with Ringer's 


solution without TEA. 
B. Prevention of TEA-induced contractions by meperidine 


in the same muscle. 


Figure 9. A. 
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Figure 10. 


ee 
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0.1 mV 0.1 mV 


50 msec 02 sec 


Frog sartorius motor nerve terminal firing during treatment 
with tetraethylammonium recorded extracellularly from the 
ventral root of the eighth spinal nerve. 

A. Repetitive activity following a single sciatic nerve 
stimulation of supramaximal voltage, one msec duration. 
The nerve was being stimulated at a rate of four per 
minute after 20 minutes of treatment with 6.8 X 10°3 M 
TEA. 

B. Spontaneous activity in the absence of electrical 
stimulation after 10 minutes treatment with 27 X 
10°3 M TEA. 
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TEA 27x 10° M TEA 27x10 M 


TEA 27x 103M TEA 27x10 °M & meperidine IO °M 


Figure ll. 


A. 


0.2 mV 
0.4 sec 


Recordings from the ventral root during a control 

experiment showing maintenance of tetraethylammonium 

(TEA)-induced spontaneous firing. 

upper trace: after 10 minutes exposure of the muscle 
to 27 X 10°3 M TEA 

lower trace: after 2 hours exposure to 27 X 1073 M TEA 

Blockade by meperidine of TEA-induced spontaneous 

activity in another preparation. 

upper trace: nerve electrical activity recorded from 
the ventral root after 10 minutes exposure 
of the muscle to 27 X 1073 M TEA 

lower trace: 2 hours after inclusion of 10-6 M 
meperidine to the TEA-Ringer's. Meperi- 
dine was added 10 minutes after initiation 
of spontaneous firing. 
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TEA 27x10 M 


TEA27x10°2M & meperidine 10-°M 
8 naloxone 3xI0M 


Figure 12. Recordings from an experiment in which naloxone prevented 
complete abolition of TEA-induced spontaneous activity by 
meperidine. 

A. Nerve electrical activity recorded 10 min after placing 
the muscle in 27 X 1073 M TEA. 

B. Two hours after addition of 1076 M meperidine and 3 X 
10-8 M naloxone to the TEA-Ringer's. 
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Figure 13. 


TEA 45x10 M 


TEA 45x10 M 
G& meperidine 2x10 M 
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Meperidine blockade of tetraethylammonium (TEA)-induced 
activity evoked by electrical stimulation of the sciatic 
nerve and reversal by naloxone. The sciatic trunk was 
stimulated with supramaximal voltage and one msec pulse 
duration at a rate of four per minute. Potentials were 
recorded from the ventral root. 

A. Recording made one-half hour after placing the muscle 
in 4.5 X 10°3 M TEA. 

B. Recording made one hour after addition of 2 X 10 &M 
meperidine to the bathing solution. Meperidine was 
added to the bath 15 minutes after A. 

C. Recording made one-half hour after addition of 3 X 10-8 
M naloxone to the bathing solution. Naloxone was added 
5 minutes after B. 
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Figure 14. 


2 msec 


AW 270 


Representative recording of the nerve terminal action 
potential and endplate potential from frog's sartorius 
recorded extracellularly with a single electrode. The 
nerve terminal action potential occurred about 2 msec 
after the initial stimulus artifact and the endplate 
potential follows the nerve action potential with a 
delay of approximately one msec. Experiments were 
performed in the presence of 2 to 4 X 1076 M d- 
tubocurarine. 
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Figure 15. 


The effect of increasing d-tubocurarine concentration on 
the extracellularly recorded nerve terminal action poten- 
tial and the endplate potential. 

Raising the concentration of d-tubocurarine from 4 X 10 6 
M to 1.3 X 1074 M abolished the endplate potentials within 
5 minutes, but had no effect on the nerve potential. Both 
recordings are from the same endplate. 
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0.2 mV 


4msec 


Figure 16. Representative recordings illustrating maintenance of the 
amplitude and time course of the extracellularly recorded 
nerve terminal potential and endplate potential in a 
control experiment: A. during the first 2 minutes of 
stimulation, B. 60 minutes later. The sciatic nerve was 
stimulated by pulses of supramaximal voltage and 1.5 msec 
duration at a rate of 12 per minute. 
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Figure 17. Control study of the amplitude of the extracellularly. 
recorded endplate potential and nerve terminal action 
potential from frog sartorius muscles perfused with 
Ringer's solution containing 2 to 4 X 10-6 M d- 
tubocurarine (n=5). 

Means + S.E.M. were calculated from the means obtained 
in each experiment expressed as percentage of the 
initial control values. 
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Figure 18. 
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IO 20 = 30 102220) 130 
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nerve terminal potential -_ — — — 
endplate potential 


A. First study of the action of meperidine 8 X 10-9 M on 
the amplitude of the extracellularly recorded nerve 


terminal action potential and endplate potential (n=3). 


B. Partial antagonism by naloxone 3 X 1078 M of the 
depression of endplate potential amplitude induced by 
meperidine. 

Drugs were added at time 0. 

Means + S.E.M. were calculated from pooled results of all 

experiments expressed as percent of control (absence of 

drug) response. 
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Figure 19. The action of naloxone 3 X 10 8 M on the amplitude of the 
extracellularly recorded endplate potential and nerve 
terminal action potential (n=4). 

Naloxone was added at time 0. 
Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of control response. 
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Figure 20. A. The action of meperidine 8 X 10 2 M on the amplitude 
of the extracellularly recorded nerve terminal poten- 
tial and endplate potential (n=5). 

B. Effect of 8 X 10 ~ M meperidine and 3 X 10.8 M 
naloxone on the endplate potential amplitude (n=3). 

Means + S.E.M. were calculated from pooled results of 

all experiments expressed as percent of control response. 
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Figure 21. A. The action of meperidine 10 4 M on the amplitude of the 
extracellularly recorded nerve terminal potential and 
endplate potential (n=4). 

B. The effect of naloxone 3 X 10-8 M and meperidine 1074 
M on endplate potential and nerve terminal action 
potential amplitudes (n=3). 

Means + S.E.M. were calculated from pooled results of all 

experiments expressed as percent of control responses. 
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Figure 22. 


Recordings of extracellularly recorded nerve terminal 
potential and endplate potential before and during 
exposure to meperidine 1.6 X 10-4 M showing the gradual 
depression of EPP amplitude and alteration in its time 
course. 

Control 

Three minutes after exposure to meperidine 

Two potentials at 10 minutes 

. At 60 minutes 
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Figure 23. 


Recordings of the extracellularly recorded nerve terminal 
action potential and endplate potential before and during 
exposure to meperidine 1.6 X 10 * M and naloxone 3 X 1078 M. 
A. Control 

B. Three minutes after exposure to meperidine and naloxone 
C. At 10 minutes 

D. At 60 minutes 
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A meperidine 1.6 X10°°M B. meperidine 1.6X 104M & 
naloxone 3X10°8 M 
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Figure 24. A. The action of meperidine 1.6 X 1074 M on the amplitude 
of the extracellularly recorded nerve terminal potential 
and endplate potential (n=6). 

B. The effect of naloxone 3 X 10 8 M on the depression of 
endplate potential and nerve terminal action potential 
amplitude induced by meperidine 1.6 X 10°4 M (n=5). 

Means + S.E.M. were calculated from pooled results of all 

experiments expressed as percent of control response. 


) Pre 4 


; 7 ih ‘s i = 
¢ Fe Py. a 7 : 


’ : — 7 
“ah irs : ce ae 
J rs A - fe = ys " se pr 


: —- vo 
~ re a 


| . aa 
ad Y | ° Ths | ton § " / o”e a wnebenes cal 
ned weet / oe 


i . oe s 
a Late 

7 ; a! 7 

¥ = ‘ Py 


. aT a) ; 
=v _ : 4 ee 
’ —~ i 408 i “@< wl. Cn Sa 


’ 
e 4 


r p ae Oe 
yy a a 7 = ‘ 
rt - ase 
if ‘ i 


ie Sa 
5 


% : he : ' « 
7% v4 ak 
~~ ;* . t a 2 > 
- , ii u 
| = j  /- a Pi x 
tj i 1 s = - . 
= i 
ty - . 
} » hd 
~~ Par ae 
i } i 2 me Tt a a) “or 
; 4 | Eade s 7 
at 
low ' : - ad 
- ; — ae 7, 
ae we oe 
See: : 
es } ‘o— — - 
- th % ‘ =a 
: i ne F San 
- ° - a eed ee ge 
ae = J we Cm 
he ar) i Se 
i > 2 faim)’ omit 
J M7 7 J > = 


ae = “. 
“i aoe om 
i 


> Tesneia 10 Gees oven lS 


- ~ — oT - 
_ oom by amet: ;~< ots mm ; 
a ma a a *s 7 = Til » 


. : =! : 7 a = Dan ay 

4 i u ‘2 Py - 7 a wig 
a F a i eaine or ae m 
‘as Sotseown (ites 


ar 

fr. re eee fon shee stise Sue: 
1 OL 2°@.) ertheaes ws 

Ms ° aia ~~) ow wit 4h os pt) ood 


Figure 25. 


Control 


resting membrane potential 
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Control study of resting membrane potential, miniature 
endplate potential (mepp) amplitude and mepp frequency 
recorded intracellularly from frog sartorius (n=5). 
Means + S.E.M. were calculated from the means obtained 
in each experiment expressed as percentage of the 
initial control value. 
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Figure 26. Miniature endplate potentials recorded intracellularly 
from frog sartorius A. in Ringer's solution and B. after 
60 minutes exposure to meperidine 8 X 10 > M. 
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Figure 27. The action of meperidine 8 X 10 2 M on the resting membrane 
potential and miniature endplate potential (mepp) amplitude 
and frequency recorded intracellularly from frog sartorius 
(n=7). 

Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of control (absence of 
drug) response. 
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Figure 28. 
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The effect of meperidine 1.6 X 10 4 Mon resting membrane 
potential and miniature endplate potential (mepp) amplitude 
and frequency recorded intracellularly from frog sartorius 
(n=3) and the lack of antagonism exerted by naloxone 3 X 
1078 M on the depression of mepp amplitude (n=3). 

Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of control (absence of 
drug) response. 
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meperidine 8X 10°M & naloxone 3X 10°M 
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Figure 29. The effect of meperidine 8 X 10 9 M on the intracellularly 
recorded resting membrane potential and miniature endplate 
potential (mepp) amplitude and frequency in the presence 
of naloxone 3 X 1078 M (n=5). 

Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of control response. 
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Summary graph showing the lack of antagonism by naloxone 

3 X 10 ° M of the depression of miniature endplate a 

potential (mepp) amplitude induced by meperidine 8 X 10 5) 
M. 

Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of control response. 
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The effect of naloxone 3 X 10 8 M on resting membrane 
potential or miniature endplate potential (mepp) ampli- 
tude and frequency recorded intracellularly from frog 
sartorius (n=3). 

Means + S.E.M. were calculated from pooled results of 
all experiments expressed as percent of control 
response. 
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Control study of the resting membrane potential (RMP), end- 
plate potential (EPP) amplitude, miniature endplate poten- 
tial (mepp) amplitude and the derived quantal content (EPP/ 
mepp) recorded intracellularly in the presence of MgCl, 8 to 
10 mM (n=5). 

Means + S.E.M. were calculated from the means obtained in 


each experiment expressed as percent of the initial control 
value. 
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Figure 33. 
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The effect of meperidine 1.6 X 10 4 Mon quantal content 

in frog sartorius. Resting membrane potential, endplate 

potentials (EPP) and miniature endplate potentials (mepp) 
were recorded intracellularly from frog sartorius in the 

presence of MgCly 8 to 10 m™ (n=4). 

Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of control response. 
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Figure 34. 


The effect of meperidine 1.6 X 10 4 M on quantal content 
in the presence (n=3) and absence (n=4) of naloxone 3 X 
10-8 M. Resting membrane potentials, endplate potentials 
(EPP) and miniature endplate potentials (mepp) were 
recorded intracellularly from frog sartorius in the 
presence of MgClo 8 to 10 mM. 

Means + S.E.M. were calculated from pooled results of 

all experiments expressed as percent of control response. 
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Figure 35. 
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The effect of meperidine 4.2 X 10 4 Mon quantal content 

in frog sartorius. Resting membrane potentials, endplate 
potentials (EPP) and miniature endplate potentials (mepp) 
were recorded intracellularly in the presence of MgCl? 8 

to 10 mM (n=5). 

Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of control response. 
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Figure 36. 


The effect of meperidine 4.2 X 10 4 Mon quantal content 
in the presence (n=4) and absence (n=5) of naloxone 3 X 
10-8 M. Resting membrane potentials, endplate potentials 
(EPP) and miniature endplate potentials (mepp) were 
recorded intracellularly in the presence of MgCl2 8 to 10 
mM. 

Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of control response. 
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Figure 37. Endplate potentials recorded intracellularly from frog 


sartorius in A. Ringer's solution containing d- 
tubocurarine 3 X 10 ° M and B. after 30 minutes 
exposure to meperidine 4.2 X 1074 M. 
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Figure 38. A. The effect of meperidine 4.2 X10 4 M on resting 
membrane potential and endplate potential (EPP) 
amplitude recorded intracellularly in the presence 
of d-tubocurarine 2 X 10.6 M. (n=7). 

B. Experiments in A were repeated in the additional 
presence of naloxone 3 X 1078 M (n=5). Note the 
antagonism of EPP amplitude depression. 

Means + S.E.M. calculated from pooled results of all 

experiments expressed as percent of control response. 
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Figure 39. 


Percent control EPP amplitude 


(Oem Ol. 30 
Time (min) 


seseeesemeperidine & MgClo 
2 meperidine & naloxone & curare 
meperidine & cCurare 


Summary graph comparing the depression of EPP amplitude by 
meperidine 4.2 X 10% M using two methods of inhibiting 
neuromuscular transmission and illustrating the antagonism 
of narcotic effect by naloxone with the d-tubocurarine 
method. 
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Figure 40. The lack of effect of physostigmine 1.3 X 1074 M on the 
depression of Gi Patel ont (EPP) amplitude induced 
by meperidine 4.2 X 10 . All solutions contained 9 X 
10-6 M d-tubocurarine. 

A. Resting membrane potential and EPP amplitude recorded 
intracellularly in the presence of physostigmine and 
meperidine (n=3). 

B. Summary graph comparing meperidine induced depression 
of EPP amplitude in the presence (—) and absence (---) 
of physostigmine. 

Means + S.E.M. were calculated from pooled results of all 

experiments expressed as percent of control response. 


162 


<r 


30 


20 


fe) 


8 SPrasye 


apnyijdwo ddJW |oajyuoo % 


Sam + «a 


IDiyuayod aubdiquaw Bulysas JO1JUDD % 


20 30 


Ke) 


( min) 


Time 


(min ) 


Time 


100 


apnyijdwo ddJ |01}U09 


rau 


“o 


20 30 
Time (min) 


10 


’ = > 


| 


* 
-) 
cal 


x 
= “ 


« 
* 


* 
~ 
A 


€ 
“+ 
« 
ar 


TT 
4 ‘i 
7 =. 
v ix 
“a 
« 
, ‘ 4 
a 
' Ww 
7 _ 
* 
r oy 
<a Z w 
ri _ ie 
oe. 
a 
nal 


acne soil 
wer 


a 


& : x 


av 


ey 


* 4 mn 
E Lt ‘a 
A . =* > 


+. 


io.-.- Anee 


WtRS P ay 
£ihesgo ps ea oe Sa F 
i 4 


ar 


_s 
I 


, og 


—_ 


al 


px 


_ 
7 


= 


; aie = Dye 
rr a 7 
pariifes snty 

“<3 


¢ 


alg 2 


= 7oy 


- 


) 


=p 
a 


ee 
7 ees s 
‘A Snir. 
est Lab RENE) 


—_—_- Lie 
“0 


Ly 
oe 


4 


7 


a wt 


eon «4 


- << 
from o> 1e4- 


= 


- 


7 
oan 
. 
7 e 
y 


— 


= 
conenee 
7 to. 4 


Percent control resting membrane potential! 
(op) 


Figure 41. 
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Control study of the resting membrane potential and 
amplitude of the endplate potential evoked by ionto- 
phoretic application of acetylcholine (EPP;) recorded 
intracellularly from frog sartorius (n=4). 

Means + S.E.M. were calculated from the means obtained 
in each experiment expressed as percent of the initial 
control response. 
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Figure 42. Endplate potential induced by iontophoretically applied 
acetylcholine recorded intracellularly from frog sartorius 
in A. Ringer's solution and B. after 30 minutes exposure 
to meperidine 1.6 X 1074 M. 


- ; ; a 
- a i 
© 7 
' - i at 
a J 1 
® 
4 
, 
Fi, 
g > 
= & 
. i el el 
i 7 4 
as i } a See 
g . oa}: 


es — “ 


: af 
ently Pt y8 . 
= . 


t. _ 


¥ 
1 


Percent control resting membrane potential 


Figure 43. 
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Percent control EPP, amplitude 
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meperidine L6 X 104 M 


meperidine 1.6X 104m & 
naloxone 3X 108 M 


Depression by meperidine 1.6 X 10 4 M of EPP; amplitude 
(endplate potential evoked by iontophoretically applied 
acetylcholine) (n=4) and comparable measurements in the 
presence of naloxone 3 X 10.8 M (n=3). 

Resting membrane potentials and EPP; were recorded intra- 
cellularly from frog sartorius. 

Means + S.E.M. were calculated from pooled results of all 
experiments expressed as percent of the initial control 
value. 
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